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Abstract
This work is concerned with the investigation of the toughness of novel 
poly(ih/sbenzoxazine)s by examining, through a combination of synthesis, 
evaluation of the materials, and computational simulations, their thermal and 
mechanical properties and the relation of these to the structure. Through these 
means it may be possible to predict the properties of new benzoxazine materials 
purely through analysis of the structure.
A number of novel b/sbenzoxazine monomers were prepared through one of two 
synthetic routes, in good yield and purity. The solvent free synthesis was chosen 
as the preferred route due to reduced experimental time and improved results. 
Characterisation of these monomers was accomplished using spectroscopic 
techniques, including FTIR and various NMR spectroscopic techniques, which 
was particularly useful in evaluating the structure and purity of the products, and 
elemental analysis.
Thermal analysis, using DSC, carried out on the homopolymers produced 
provided information of the polymerisation of each material and the glass 
transition temperature of them. It was observed that the PK3-a and BisA-m 
materials remained in the molten state over the longest temperature range, 
improving their processability and that varying the amine used in production of 
the monomer has a predictable affect on the thermal properties of the resultant 
polymer. Allyl and benzyl materials typically displayed higher glass transition 
temperatures than methyl and aryl.
The mechanical properties of the polymers were tested using DMA, TMA and a 
number of “in-house” techniques at Hitachi Chemical Company Ltd. The damping 
of the materials tested was investigated, using the a transition peak on the tan 5 
curves to assess the toughness of these materials. It was found that the aryl
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derivatives performed the best, on comparison to the other materials produced, 
and in particular the PK3 and BisAFe materials. Conversely, the materials 
containing benzylamine performed the worst, displaying the lowest damping, with 
shallow and broad peaks for the a transition. Polymers containing flexible 
backbones, i.e. the BisT, DHPE and PK3, materials showed improved damping, 
as increased flexibility allows for greater segmental motions. While the more 
restricted DHAMS and biphenol materials displayed the lowest damping, due to 
lower segmental rotation and fewer relaxing species. Through comparison of the 
results obtained from benzoxazine materials produced with data acquired from 
commercially available competitors it was found that poly(b/sbenzoxazine)s 
perform well, rivalling, if not improving on, the properties seen for these 
commercially available materials.
Using novel methods of computational simulations the mechanical properties of 
selected poly(b/sbenzoxazine)s can be predicted. A reliable and reproducible 
technique for these predictions has been developed during the course of this 
work, validated by comparison of the results of the Tg simulation and density 
prediction against experimental and literature data. The predicted data include a 
Young’s modulus value which can be used to evaluate the toughness of the 
material by evaluation of the stress-strain curve suggested. The groups exhibiting 
greater degrees of flexibility have been found to display the highest Young’s 
modulus values, suggesting greater toughness. Conversely, materials containing 
bulky pendant groups and less flexible backbones produce low values for the 
Young’s modulus, suggesting lower toughness.
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HX /CH3
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CH,
)
6-[1 -(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -methyl-ethyl]-3-phenyl-
3,4-dihydro-2H-benzo[e][1,3]oxazine 
• BisA-a
CH,
CH,
N
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CH,
CH,
N
O
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■ BisA-af
î " / = T " >o-
/
6-(3,4-Dihydro-2H-benzo[e][1,3]oxazine-6-sulfonyl)-3-methyl-3,4-dihydro- 
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/CH,
N— \ j— N
O
O
6-(3,4-Dihydro-2H-benzo[e][1,3]oxazine-6-sulfonyl)-3-phenyl-3,4-dihydro- 
2H-benzo[e][1,3]oxazine 
■ BisS-a
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\
A
N
OF,
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/
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O^—C ))— A / = <  y
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(
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1.1 Introduction
Polymeric materials now form an inextricable part of modern life in ways both 
obvious and less obvious. It would be difficult to imagine our everyday 
existence without these materials as they are involved in so many aspects of 
daily life, from industries such as transport and agriculture to clothing, 
consumer goods and the health and pharmaceutical industries^ The number 
of applications for polymers is ever increasing and is only limited by the 
properties that the polymers themselves display. As such the field of polymer 
science is constantly expanding to produce materials able to meet the 
demands of industry.
For each application the demand is on the materials industry to produce 
polymers with different properties and levels of performance to meet the 
requirements of the use. In the design of a polymer certain mechanical and 
thermal characteristics need to be considered and varying one characteristic, 
with changes to the polymer matrix, can also have an effect, both positive or 
detrimental, on the others. As such it is important to understand how the 
polymer structure affects the properties of the material to make changes 
appropriate to the potential use.
1.2 Polymers for use in electronic applications
Polymeric materials are very useful in electronic applications as their 
properties can be tailored to fit requirements for the specific use. In general, 
polymers used in these applications should show good thermal and 
mechanical properties, especialiy the retention of these properties under 
conditions of use, to be a replacement for expensive and relatively heavy 
metals and alloys previously used. They should also show high modulus, high 
strength, impact resistance and good environmental stability along with the 
appropriate electrical properties, determined by the proposed application.
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The ability of the material to retain its mechanical properties under particular 
conditions is an important factor and so a high softening point and glass 
transition temperature (Tg) is desirable. Thermal stability, i.e. the resistance of 
the material to thermal breakdown, and general temperature resistance are 
also important, as materials are expected to perform over a range of 
temperatures depending on the application. Reduced expansion under 
heating is a beneficial property, to avoid damage and warping of the product 
on use and finally resistance to other chemicals is also an important feature 
under consideration as, dependant on the application, the material may be 
exposed to chemical attack or harsh environments.
On comparison of the strength and toughness of polymers with other 
materials, e.g. woods, ceramics, metals and alloys, polymers typically tend to 
be middle of the range, being tougher and stronger than wood for example but 
typically weaker and more brittle than metals and composites. This is better 
illustrated by Figure 1.1 which shows cluster patterns of a number of 
materials, including polymers, with respect to their toughness and strength.
This figure suggests that there is little correlation between toughness and 
strength. A particulariy strong material, such as a composite can also display 
very good toughness properties, while ceramics are very strong materials they 
suffer in comparison of their toughness. This suggests that the strength and 
toughness of a material (homopolymers particularly), is determined by its 
structure and it is therefore important to understand which particular structural 
features lead to greater toughness without having a detrimental effect on the 
other properties of the material. In this way it would be easier to create new 
materials with a specific property in mind, without having to go through the 
“trail and error” pathway.
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Figure 1.1 Strength - Toughness Materials Selection Chart, showing the 
classes of engineering materials^
(N.B. Ceramics: chart shows compressive strength, tensile strength is 
typically 10% of compressive. Other materials: strength in 
tension/compression)
Traditional phenolics are crosslinked products of their low molecular weight 
precursors, typically formed through a condensation reaction producing by­
products such as ammonia and water. These materials find applications in 
many areas, due to the versatility of their structures and that they often 
display very desirable properties such as good heat resistance, flame 
retardant properties, low dielectric constants and the production of these 
materials is relatively inexpensive^. However, there are some shortcomings 
associated with these materials in that they perform poorly under stress, i.e. 
they have poor toughness properties, they have a poor shelf life and the 
process of polymerisation of these materials produces by-products and
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requires, in many cases, the use of a strong acid or base catalyst" .^ This has 
the potential to be a particularly important issue as highly corrosive media 
may lead potentially to damaged processing equipment^.
In order to produce a material capable of competing with commercially 
available systems these first need to be identified. The following paragraphs 
introduce some materials currently in use in the field of electronic circuit board 
manufacture.
DuPont offers a broad portfolio of ceramic, flexible and rigid organic circuit 
materials, along with materials for semiconductor fabrication and packaging. 
The company also provides a wide range of products targeted to the fast 
growing display industry, enabling the manufacture of advanced OLED 
(organic light emitting diode), LCD (liquid crystal displays), PDP (plasma 
display panel) displays and more. One particular material is Kapton®, which is 
a polyimide with the structure as shown in Figure 1.2, for use in printed circuit 
boards, which offers excellent balance of physical, chemical and electrical 
properties over a wide temperature range along with superior dimensional 
stability and adhesion®.
+
Figure 1.2 Chemical structure of Kapton®^
Another manufacturer of competing materials is Rogers Corporation, which 
produces high-performance specialty material products, serving a diverse 
range of markets. Of particular interest are the RT Duroid and Rogers 4000 
materials. RT Duroid is a glass microfibre reinforced PTFE composite, which 
is designed for stripline and microstrip circuit applications, which are different 
types of constructed circuits. The reinforcing microfibres are orientated 
randomly to maximise the benefits of the reinforcement in the directions most
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
valuable to the final circuit application. The beneficial features of this material 
lay primarily in its uniform electrical properties over a range of frequencies. It 
also displays a low dissipation factor (5 x 10'"^  at 1GHz) and very low electrical 
loss when compared with other PTFE materials extending its usefulness. 
Along with these properties the Duroid material displays low moisture 
absorption and excellent chemical resistance and finds applications in 
commercial airline telephones, microstrip and stripline circuits, radar systems 
and missile guidance systems®.
Rogers 4000 (RO 4000) is an epoxy composite designed to offer superior 
high frequency performance at a low cost. This material also displays stable 
electrical properties and also excellent dielectric tolerance and loss. In 
common with the Duroid material, it shows low thermal coefficient of dielectric 
constant, low Z plane expansion, and general dimensional stability.
G200 produced by the Isola group is a blend of bismaleimide/triazine and 
epoxy resin and displays the enhanced thermal, mechanical and electrical 
performance, over most epoxy materials, which make these materials perfect 
for today's high reliability printed circuit board requirement. In particular this 
material shows excellent electrical insulation in high humidity and high 
temperatures, with very consistent dimensional stability, a low GTE from 
ambient to 288 °G, and superior performance through multiple thermal 
excursions®.
Arlon Microwave Materials for Electronics Division develops and 
manufactures copper clad laminates and prepreg bonding materials for the 
fabrication of high performance and frequency dependent printed circuit 
boards^®. Cuclad materials, manufactured by Arlon microwaves, are woven 
fibreglass/PTFE composites. The woven fibreglass provides greater 
dimensional stability than non-reinforced materials and the consistency and 
control of the PTFE coated fibreglass cloth allows Arlon to offer a variety of 
dielectric constants and better uniformity. One of the unique features offered 
by these composites is the true electrical and mechanical isotropy in the XY 
direction, which is a feature of the cross-plied orientation of the fibreglass.
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8In comparison with these materials, in electronics applications associated with 
printed circuit boards (PCBs), laminates produced from poly(b/s- 
benzoxazine)s offer both high glass transition temperature (Tg) and 
reasonably good longevity in the demanding “pressure cooker test” which, as 
the name suggests, assesses the hot/wet properties under pressure.
However, while poly(b/s-benzoxazine)s display many benefits over 
conventional phenolics, the relatively low fracture toughness that is achieved 
by cured polymers (a Kic value of ca. 0.51-0.54 MPa.m°  ^ is t y p i c a l i s  still a 
problem in modern microelectronics applications. In PCBs, the drilling of small 
holes through the reinforced dielectric layer to accept small components or 
wires produces areas of concentrated stress, which may undergo stress 
fractures over time^^. Before discussing this feature further, it is necessary to 
examine the chemical structure.
1.3 The benzoxazine monomer
Benzoxazines have the general structure of an aromatic ring, which is fused 
to a heterocyclic ring containing an oxygen and a nitrogen atom as shown in 
Figure 1.3.
Figure 1.3 Typical structure of a b/sbenzoxazine monomer 
(Blue = nitrogen, red = oxygen, grey = carbon, white = hydrogen)
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Published reports of the preparation of polymers of aromatic oxazines, or 
benzoxazines, date back some sixty ye a rs an d  the commercial exploitation 
of these materials lies principally in their use as popular alternatives to 
traditional phenolic polymers. They incorporate the best properties from 
traditional phenolics whilst improving on shelf life and offering the potential for 
greater toughness properties through their greater molecular flexibility. The 
polymers find applications in a number of diverse areas, for example as 
thermosetting mouldable powders for use in general purpose electrical 
mouldings, heated appliance components and automotive parts, laminates, 
such as printed circuit boards, adhesives, bindings and surface coatings in 
which the physical characteristics are important. The relative cheapness is 
also an important factor^
1.3.1 Synthesis of benzoxazines
Various methods for the synthesis of aromatic benzoxazines have been 
developed over the course of the last 60 years, since their introduction in 
1944 by Holly and Cope^^. Figure 1.3 shows a spider diagram depicting some 
of the more popular reported routes to these materials.
The most commonly reported and widely accepted route for monomer 
synthesis can be considered a variant of the Mannich reaction, which is a 
nucleophilic addition reaction of an amine to a carbonyl group. In the case of 
benzoxazines, this reaction consists of the reaction between four equivalents 
of formaldehyde with two equivalents of primary amine and one equivalent of 
a diol, to form a difunctional benzoxazine. This is shown in Figure 1.4 and 
further clarified in Figure 1.5. The reaction is carried out by first condensing 
the primary amine with the formaldehyde to form the N, A/-dimethylolamine, 
which is the allowed to react with the phenol^®. Experimentally, it has been 
reported that this route produces a 66% yield of the monomer, with the 
remaining 34% being made up of dimers and oligomers^^. This synthetic route 
involves the use of a solvent, dioxane, and reflux and has been used in this 
work in the production of a variety of b/sbenzoxazines, see Chapters 2 -  3 for 
more details. A similar scheme is followed for the solvent-free synthesis used
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in this work where instead of being dissolved in a solvent for the reaction to 
take place the reagents are dissolved in the amine used in the reaction, where 
it is a liquid, or simply ground together if all the reagents are solid.
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An alternative to this is to react phenol, formaldehyde and a primary amine 
together in a molar ratio of 1:1:1 leading to the formation of a p- 
aminomethylphenol which can then be condensed with formaldehyde in the 
presence of a base to form the benzoxazine^®, shown in Figure 1.4.
A third route to the synthesis of benzoxazine monomers was suggested by 
Aversa etal., which involves the Mannich reaction between 2,4- 
dimethylphenol, formaldehyde, and 3-aminopropanioc acid in ethanol to 
produce A/-(2-hydroxy-3,5-dimethylbenzyl)-aminopropanoic acid. This 
intermediate in the synthesis was then allowed to react in 96% sulphuric acid 
at room temperature, and finally neutralised to form the benzoxazine^® 
detailed in Figure 1.6.
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Figure 1.6 Scheme showing formation of benzoxazine monomer
This synthetic route is limited in the variety of the substituent on the N-3 
position of the benzoxazine ring, due to the alkylating agent in the mechanism 
arising from the acid-induced deamination of the phenolic Mannich base.
In Figure 1.4 there is a scheme showing 3 equivalents of 2- 
hydroxylbenzylamine reacting with formaldehyde to produce b/s-(3,3-dihydro- 
2H-1,3-benzoxazine-3-yI)-methylene via a triazine ring species. This can react 
further, with phenol, resulting in the loss of one benzoxazine ring, producing a 
simpler benzoxazine material^®.
The final synthetic route shown in Figure 1.3 is the thermal decomposition of 
hexamethylenetetramine, at 135 °C over 2 hours in air, which will react with
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2,4-xylenol, a commonly used curing agent in novolac chemistry, to produce a 
benzoxazine.
1.3.2 Change in reaction variables
As previously noted, the synthetic route which is most widely used and 
reported in the literature is the first detailed in the paragraphs above, involving 
the reaction of phenol with formaldehyde and a primary amine in the ratio 
1:2 :1.
The synthetic route is uncomplicated, undertaken under reasonably mild 
conditions and, most importantly, has been reported to be successful in the 
production of a number of different benzoxazines formed from the use of 
different starting materials, i.e. changing the amine and alcohol used in the 
reaction.
This particular synthetic route was initially chosen for this work as it has been 
very well investigated by varying research groups and the effects of several 
reaction variables have been found to affect the composition of the product 
and by-products, some of which are described in the following paragraphs.
1.3.2.1 Substituent effects
The nature and positions of the substituents on the phenol play an important 
roles in determining the course of the reaction. The size of the group in the 
o/t/70-position on the phenol ring limits the conformation of the hydroxyl group, 
so that it cannot move freely with relation to the phenyl ring. This means that 
phenols with bulky alkyl substituents in the o/t/70-position reduce the reactivity 
of the phenolic hydroxyl group, limiting the formation of a benzoxazine ring. 
The electrophilic character of the group in the ortho-pos\{\or\ on the ring can 
also affect the course of the reaction and the stability of the benzoxazine.
A Mannich base is produced as an intermediate in this reaction, after which it 
can follow one of two courses. The first, and more desirable, is ring closure 
with the phenolic hydroxyl to form the benzoxazine. The second is 
electrophilic attack on the ortho-posWion of another molecule of phenol to 
produce b/s-(hydroxybenzyl)amine. If the electron density of the group on the
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ortho-pos\\\on is high the former would be expected to be favoured and a low 
electron density would favour the latter^\
1.3.2.2 Basicity of the amine
The basicity of the primary amines used in this synthesis is acknowledged to 
have a complicated effect on the production of benzoxazines. It is an 
important factor in the intermediate Mannich base formation, which can affect 
the final product composition. It has been observed that the use of a strong 
base, such as methylamine, leads to the production of the Mannich base 
followed by the production of b/s(hydrobenzyl)amine, structure shown in 
Figure 1.7, while weak bases, such as aniline, tend to produce higher yields of 
the Mannich base followed by the benzoxazine.
The basicity of the amine also has an effect on the polymerisation of the 
monomer. Methyl substituents on the ortho-posWlon of the arylamine ring 
serve to reduce the basicity of the monomer and sterically hinder 
polymerisation^^.
OH OH
Figure 1.7 Structure of b/s(hydrobenzyl)amine 
1.3.2.3 Solvent
For this synthesis, where a solvent is used in the procedure, the polarity of the 
reaction medium can play an important role in determining the extent of 
reaction, i.e. whether the reaction mixture contains predominantly monomer or 
dimer/oligomer mix. As the solvent polarity is increased the reaction between 
the benzoxazine ring and un reacted phenols becomes easier, increasing the
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chance of dimer (followed by oligomer) formation and thus reducing the 
monomer yield. For example, when the synthesis of 6,6’-b/s(3,4-dihydro-3- 
methyl-2H-1,3-benzoxazinyl)propane was conducted in dioxane the resulting 
product contained predominantly monomer (ca. 65%), whereas in the more 
polar tetrahydrofuran the product comprised mainly dimer and higher 
oligomer(s)^^.
As previously mentioned in this chapter and described in greater detail in 
Chapter 3, in addition to the synthesis described above there is a relatively 
recently developed solvent-free synthesis^^. This method has not been well 
publicised, but in those papers were it does appear, it has been found to be 
equally successful in the production of b/s-benzoxazines in good yield and 
purity. It was investigated as an alternative to the standard synthetic route, 
due to the long reaction times and purification needed in this synthesis, and 
also in an attempt to produce a greener route with fewer health risks from 
harmful and toxic solvents.
Typically, in the standard synthesis, the formaldehyde is provided in an 
aqueous solution, which is combined with a solvent which is compatible with 
water and in which the other reagents are also soluble. Consequently, the 
solvent medium typically has no more than about 10% by weight of the 
reacting compounds, which accounts for the long reaction time required to 
achieve acceptable product yields. In the solvent-free system the reaction 
mixture comprises only the reacting species, thus allowing the reaction to be 
carried out in minutes, rather than hours^ "^ .
1.3.3 Characterisation of the monomer
The characterisation of benzoxazine monomers has been very well studied 
using a number of techniques. Infrared (IR) and proton nuclear magnetic 
resonance (NMR) spectroscopy have been used to determine the structures 
of the benzoxazines and their isomers while NMR spectroscopy is used to 
discover the electronic and steric effects of substituents. Ultraviolet/visible 
(UV/Vis) spectroscopy has also been used to give some insight into the 
composition of the product and an indication of the nature of the impurities/by 
products.
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1.3.3.1 Electronic Spectroscopy
UV/vis spectroscopy has not been widely used in the analysis of these 
materials although some investigation has been made. After synthesis, using 
the standard synthetic route described above, the product is often found to be 
a mixture of monomer with dimer/oligomer. These fractions can be separated 
using chromatography and analysed using UV/Vis spectroscopy. It was 
observed that, while the raw product displayed two absorption peaks, at 282 
nm and 290 nm attributed to the presence of both benzoxazine and free 
phenolic tt to tt* transitions^^, the pure monomer produced only one peak at 
282 nm. This follows the expected result as the benzoxazine monomer will 
contain only one functional group which will give rise to an absorption peak, 
while dimeric material will contain both the benzoxazine ring of the monomer 
and also phenolic group as a result of the ring opening reaction^^.
1.3.3.2 Vibrational Spectroscopy
Infrared spectroscopy can be used to determine the structure of the material.
It can however, be quite difficult to define which peaks, in a crude product, 
can be assigned to pure monomer or dimer/oligomer. This is due to the same 
functional groups appearing in both monomer and dimer. However this 
technique can be used to determine whether reaction has taken place or not 
as the functional groups resulting from the presence of a benzoxazine ring, or 
a ring opened species, will not be present in the starting materials, i.e. the 
peaks at ~ 1500 cm'^ corresponding to a tri-subsituted benzene ring and 
some peaks corresponding to C -  O -  C symmetric and asymmetric stretches 
and, similarly. C -  N -  C stretches^^.
1.3.3.3 Nuclear Magnetic Resonance Spectroscopy
NMR spectroscopy is particularly useful in the characterisation of 
b/sbenzoxazine monomers, using both and techniques. Proton NMR 
spectroscopy was found to be particularly useful as a quick screen method, to 
check whether a benzoxazine had formed, as the chemical shifts arising from
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the presence of the CH2 groups of the heterocyclic ring, at ~ 4 and 5 ppm^^, 
are good indications of the structure of the material. In both and NMR 
spectroscopy peaks arising not only from the benzoxazine product can be 
assigned, but also those arising from impurities, such as starting materials 
and dimeric or oligomeric species in the sample enabling us to ascertain the 
purity of the material^®.
1.4 Polymerisation
As explained previously the polymerisation of benzoxazines occurs via a step 
growth ring opening reaction, of the heterocyclic ring. There is however some 
uncertainty as to the mechanism of the polymerisation. This is due to the high 
basicity of both the oxygen and nitrogen atom in the oxazine ring making them 
both potential, and possibly competing, cationic polymerisation initiation sites. 
It transpires that the oxygen appears to be the preferred site for 
polymerisation due to its high negative charge distribution 
(O: -0.311 ; N: -0.270), produced from electron charge calculation, after energy 
minimisation, and so the polymerisation can follow one of two potential routes, 
shown in Figure 1.8
In both cases a cyclic tertiary oxonium ion is formed on attack of the cationic 
initiator. Polymerisation will proceed through insertion of the monomers 
through the reaction of oxygen with either another benzoxazine-oxygen (blue 
route) or the orfbo-position on a benzene ring (red route).
The unobstructed o/t/?o-position of the benzene ring with respect to the 
phenoxy-OR group is well-proven to possess high reactivity toward thermal 
polymerisation of benzoxazines, therefore it is logical to assume that upon 
initiation by a cationic initiator, the propagation can also proceed by insertion 
of the monomers through the reaction of the unobstructed benzene ortho- 
position, producing a Mannich base phenolic type. Also, in this case, the 
monomers propagate via reasonably stable carbocations, i.e. oxonium cations 
stabilised by intramolecular hydrogen bonding^^.
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Figure 1.8 Two possible routes for the polymerisation of benzoxazines 
(— denotes hydrogen bonding)
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It has been observed that addition of a catalyst allows this polymerisation 
process to occur more easily at a lower temperature by offering a lower 
energy route. Suitable catalysts include compounds with active hydrogen (HY) 
or those characterised by the presence of a highly nucleophilic carbon or 
nitrogen atom^®. The effect of using phenols as initiators has been 
investigated^® and was found to have a catalytic effect on the polymerisation 
reaction. Consequently, it was hypothesised and found that dimers and higher 
oligomers, which are formed as byproducts of the production of the 
benzoxazine monomers, can also be used to catalyse the polymerisation of 
these materials, as they contain phenolic structures with free ortho positions, 
rendering the precursor to be self-initiating towards polymerisation and 
crosslinking reactions®®. Many of the syntheses of benzoxazine monomers 
produce a small percentage of dimer and oligomer impurities and, owing to 
the risk of self-initiation, it is necessary to remove them prior to polymerisation 
as their presence in the sample will actually aid in the polymerisation process. 
The structure of monomer will have an effect on the polymerisation process, 
which occurs via a cyclic tertiary oxonium ion, followed by insertion of the next 
monomer, and so the stability of this oxonium ion is an important factor in the 
production of a polymer. The phenolic type polymer is formed preferentially 
due to the stabilisation of the oxonium ion through intramolecular hydrogen 
bonding. The nature of the R group on the nitrogen, however, will affect this 
as the nitrogen atom can be destabilised decreasing the possibility of it 
forming and limiting polymerisation or, conversely, it could be stabilised to 
such an extent that polymerisation may not occur.
Additionally, the steric hindrance displayed by the pendant group on the 
nitrogen will also have an effect on polymerisation as the insertion of 
additional monomers will be restricted by bulky groups, such as aromatic 
rings.
1.5 Properties of these materials
Through these current and past investigations the properties of a number of 
benzoxazine polymers have been examined and the findings published. Some
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of these findings are detailed in the following paragraphs to give an overview 
of the thermal and mechanical properties of benzoxazine materials. Following 
cure, b/sbenzoxazines have been proved to show near-zero shrinkage and 
expansion, found by comparison of the densities of the uncured monomer and 
the polymeric material at room temperature®^ These materials also show 
relatively low values for the coefficient of thermal expansion (GTE) making 
them attractive in applications such as high performance adhesives and 
composites.
Concerning the temperature resistance of these materials, in this work the 
highest value for the glass transition temperature (Tg) of a b/sbenzoxazine 
polymer was found to be at 230 °C, for the DHAMS-methylamine material, 
which was confirmed by both DSC and DMA experiments. The thermal 
degradation of benzoxazine polymers has been investigated and they have 
been found to perform very well in this respect, with a BisA-a polymer 
retaining a 78 % residual weight at 400 °G, under a dry air environment, a 
54 % residual weight at 500 ‘C and fully vaporised between 650 -  700 'C®®.
It has been found that, despite containing a large amount of hydroxyl groups 
in the backbone structure, after exposure in water for 24 hours an increase of 
only 0.11 % in the mass of the sample was observed®^ This compares 
favourably with a phenolic alternative, which gave rise to a 0.23 % gain, under 
the same conditions®®.
1.6 Factors influencing toughness
In many of the applications to which polymers are put, it is the toughness of 
the material that determines its performance. Once a polymer has been 
produced it is important to consider its processability. A consideration for the 
use of the polymer in any application is the way it will respond to mechanical 
deformation.
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The viscoelasticity of polymers, or the behaviour of the material under applied 
stress or strain is dependant on the rate or time period of loading. Polymers 
tend to be termed as ‘viscoelastic’ as they display both viscous and elastic 
types of behaviour dependant on temperature. The viscoelastic behaviour of 
polymers is typically examined by dynamic mechanical analysis (DMA) where 
the polymer is subjected to an oscillating sinusoidal stress at a fixed 
frequency and the resulting strain is recorded. The response of the sample to 
this can provide information on the stiffness of material (measured by its 
elastic moduli) and its ability to dissipate energy (measured by its damping)®" .^ 
DMA can be used to measure the recovery, or damping, of a material by 
analysing the tan 5 curves, looking at the shape and size of the peak 
corresponding to the a transition (or Tg). This will give an impression of the 
toughness of the material, as it is the amount of energy the polymer can 
absorb and dissipate, through molecular motions such as bond rotation. If this 
value is high it suggests a reasonably tough material, as a greater amount of 
energy can be absorbed before primary (covalent) or secondary {e.g. van der 
Waals or hydrogen) bonds start to break®®.
Consequently, the structure of the material tested will obviously have a large 
influence on these properties of the test sample. Polymers with a high 
crosslink density or large, bulky pendant functional groups, might show lower 
values for damping, through restricting the amount of rotation that can be 
shown by the polymer chains through steric hindrance. Similarly, polymers 
showing large amounts of hydrogen bonding or displaying other 
intermolecular bonding between polymer chains might have a detrimental 
effect on the damping®®. This effect of polymer molecular structure influencing 
tensile strength has been previously investigated by Vincent® .^ In an attempt 
to quantify this the tensile strengths of different polymers was measured. 
Polymers were chosen displaying differing values for number of backbone 
bonds per unit area, i.e. the amount of crosslinking between polymer chains, 
and these values were plotted against the tensile strength measured, at the 
ductile/brittle transition for each polymer. It was found that there is a linear 
relationship between the two, with tensile strength increasing with increase in 
number of backbone bonds, as shown in Figure 1.9
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Figure 1.9 Variation of tensile strength, Ofc, with the number of backbone 
bonds per unit area, Na
Fracture of a material is a failure process and is dependent on many factors, 
for example polymer structure, environment, stress and strain and time. When 
a solid polymer is deformed the molecules slide past each other, where 
possible, and secondary bonds (van der Waals, etc.) are broken. Molecular 
fracture is the scission of primary bonds and will occur if there is restriction, 
due to the polymer structure^^. Polymeric materials tend to have rather lower 
fracture strengths than other materials, such as metals and ceramics, as the 
entanglement of polymer chains and crosslinking between them leads to
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increased restriction for flow of individual chains past each other, leading to 
fracture at lower energies. The scission of chemical bonds causes the 
creation of radicals. In glassy polymers, brittle fracture occurs in a localised 
region {i.e. the crack). With increase in crosslinking there is a greater 
tendency for radicals to be produced during fracture, due to restricted flow 
causing more bond scissions to occur increasing the tendency for molecular 
fracture to take place.
From the foregoing paragraphs it is obvious that the structure of the polymer 
has a large influence on the toughness, including the fracture toughness, of 
the material.
1.7 The aims of this work
As previously discussed, to make changes to the properties of a polymeric 
system, without having to go through the trial and error process of making and 
testing a large number of materials, it is first important to understand how the 
structure of a polymer affects its properties. In order to accomplish this, 
information can be gathered from a number of benzoxazine polymers with 
differing structures and the changes in the mechanical and thermal properties 
of the materials observed. From these observations it is hoped that a 
relationship can be found between the structure of the polymers and the 
properties arising from them and so it will be possible to build up a database 
allowing the prediction of the properties of new materials based purely on the 
structures of the start materials, and therefore the structure of the polymer 
matrix.
Molecular simulations can be tied into this model by providing more 
information on the polymer structure and the bonding and configuration of the 
polymer chains, differing with each separate material. Molecular modelling is 
a novel way of investigating the mechanical properties of a polymer, without 
the need to synthesise it in the laboratory. This will, in theory save time and 
will also reduce the amount of chemical use and waste, so is in fact a greener 
method of investigation. Using molecular modelling one can also gain a better
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understanding of the structural effects on specific mechanical and thermal 
properties.
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2.1 Introduction
This chapter will be an overview of the expérimentai techniques utilised in this 
research project. The first section will cover the synthetic procedures used to 
produce benzoxazine monomers and polymers. It will also contain information 
on the techniques used to characterise these materials. This section will 
contain general information, rather than specific results, which will be provided 
in later chapters. Then follows a description of the thermomechanical 
techniques used in the evaluation of the properties of the homopolymers 
produced from these synthesised materials.
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2.2 Experimental
In the course of this research a wide range of benzoxazine monomers have 
been synthesised. This required the use of many different expérimentai 
techniques which will be detailed in the following paragraphs.
2.2.1 Materials
The chemicals used in this work were used as received without further 
purification. The diols used in this research were obtained from a variety of 
sources as shown in Table 2.1.
Table 2.1 Detailing Sources of diols used in this work
Did Acronym used Source
4,4'-lsopropylidenediphenol Bisphenol A Aldrich
4,4'-Dihydroxydiphenylsulfone Bisphenol S ICI, Wilton
Bisphenol AFg Riedel de Haën
4,4’-Dihydroxy-a-methylstilbene DHAMS Dow Chemical
GmbH, Rheinmunster
4,4'-Dihydroxydiphenyl ether DHPE Ciba
4,4'-Dihydroxydiphenyl thioether Bisphenol T
Phenylphenol
p-Chlorophenol
e/s-(4,4’- PK3 Prepared as detailed
hydroxyphenoxy)ethoxyethane in this chapter
4,4’-Biphenol
The amines used in this work were methylamine, aniline, benzylamine and 
allylamine. They were all obtained from Acros Organics, with the exception of 
benzylamine, which was obtained from Aldrich. The methylamine used was 
an aqueous solution (40 %), while the other amines were > 98 % purity.
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The formaldehyde used in the standard synthetic route, detailed in the 
paragraphs below, was used as an aqueous solution (40 %), while the solid 
paraformaldehyde, used in the solvent free synthesis, was obtained from 
Aldrich with a purity of 95 %.
2.2.2 Equipment
A wide variety of analytical techniques were used in this work for 
characterisation of monomer and polymer samples and are described in the 
chapters below.
2.2.2.1 Infrared spectroscopy
Infrared spectra were obtained using a Perkin Elmer System 2000 FTIR 
spectrometer. 16 spectra were obtained at a resolution of 4 cm'  ^ and co­
added to yield the final spectrum. The samples were presented in a variety of 
ways, as liquid films (on KBr disks), as KBr pellets, or as solid samples using 
ATR-FTIR.
Spectra are analysed by comparison with literature data^’ ,^ comparison of 
spectra with that of starting materials^, or using data collection tables' .^
The table below summarises the abbreviations and symbols used in analysis 
of these spectra:
b Broad ph phenyl
s Small sym Symmetrical
m Medium def Deformation
asym asymmetrical
2.2.2.2 Nuclear magnetic resonance spectroscopy (NMR)
• Proton (^H)
Proton NMR spectra were obtained from deuterated solutions at 298 K using 
a Bruker DRX500 spectrometer, at 500 MHz using tetramethylsilane (TMS) 
as the primary reference and the solvent as a secondary reference.
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In the majority of cases the solvent used was deuterated chloroform. Where 
the sample was not soluble in chloroform deuterated methanol, acetone or 
DMSO was used. Samples for NMR spectra were made up using -200 mg 
of monomer sample per 2 cm® of deuterated solvent.
The following terms are used to describe NMR spectra:
Chemical shift: Shift of the peak relative to the reference, TMS, caused by 
changes in the environment around the proton or carbon atom in question. 
Singlet, doublet, triplet, multiplet: In proton NMR spectroscopy, determined by 
nearest neighbouring functional groups.
Roofing: This feature occurs in multiplets when there is strong coupling® 
between near groups, the Larmor frequencies of two spins get closer together 
and two features of the resultant spectra are observed, as shown in Figure 2.1 
with the “outer” two lines getting weaker, in intensity and the “inner” lines 
getting stronger.
Figure 2.1 Roof effect
• Carbon-13
Carbon-13 NMR spectra were also obtained from deuterated solutions at 
298K using a Bruker DRX500 spectrometer at 125.7 MHz. Similarly, solutions 
for analysis were made up using -200 mg of monomer sample per 2 cm® of 
deuterated solvent, which, in most cases was deuterated chloroform.
• Nitrogen-15
Nitrogen-15 NMR spectra were obtained at 50.6 MHz (DRX500) in 
chloroform, to which a small quantity of chromium(lll) acetylacetonate was 
added to suppress the nuclear Overhauser effect (nOe), reducing the
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relaxation time. In this case the primary reference was liquid ammonia (in a 
coaxial capillary) and the secondary reference was nitromethane.
• HMBC/ HMQC 
Two dimensional spectra, for example HMQC, were run to aid 
characterisation of ®^C NMR spectra.
2.2.2.S Elemental analysis
Elemental analysis was performed on samples (1-2 mg) using an Exeter 
Analytical EA440 CHN/O/S elemental analyser by combusting the samples in 
oxygen in a high temperature furnace (1800°C) using helium as the carrier 
gas. Acetanilide was used to calibrate the instrument, followed by a set of 
standards, including S-benzyl thiuronium chloride and phenylthiourea, to 
check the calibration.
2.2.2.4 Melting point test
Meiting points were determined using one of two methods. Samples were 
analysed using a Kopfler flat bed micro melting point apparatus, where 
samples were loaded under a microscope and heated, the melting point was 
determined as a range under which the solid crystals start to melt, up until the 
sample is completely liquid. The heating rate utilised in this method was 
5 °C/min. The alternative to this is melting point range determined by DSC 
experiments, at a heating rate of 10 °C/min.
2.2.2.5 Density measurements
A number of techniques were used for the measurement of the densities of 
polymer samples. The most successful method is detailed below:
Polymer samples were produced using boiling tubes filled with approximately 
3 cm® of densely packed monomer. These boiling tubes were placed upright 
in a vacuum oven and heated to 180 *0 and kept at this temperature for 2 
hours. The temperature was then raised to 200 °C and again, left for 2 hours.
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The now cured materials were removed from the oven and, after cooling, the 
boiling tubes were broken open to obtain the polymer. The volume (and hence 
the density) of the material was then measured, approximately, using 
Archimedes’ principle, i.e. by measuring displacement of water from a fluid 
immersion tank, at room temperature (23 °C).
2.2.3 Experimental Procedures
The benzoxazine monomers were synthesised using two synthetic routes. 
These synthetic procedures will be detailed below fully for the synthesis of 6- 
[1 -(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -methyl-ethyl]-3-ethyl-3,4- 
dihydro-2H-benzo[e][1,3]oxazine followed by descriptions of the synthesis of 
other monomers produced in this research.
2.2.3.1 Synthesis of 6-[1-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)“1- 
methyl-ethyl]-3-ethyl-3,4-dihydro-2H-benzo[e][1,3]oxazine
Standard svnthetic route
To a mixture of formaldehyde aqueous solution (12.095 g, 0.402 mol.) and 
dioxane (80 cm®) in a 500 cm® three-necked round bottom flask equipped with 
a thermometer, condenser, and a dropping funnel and cooled by an ice bath, 
was slowly added methylamine (6.255 g 0.201 mol.) in dioxane (100 cm®), 
keeping the temperature below 10°C. The mixture was stirred magnetically 
for ten minutes before adding the solution of bisphenol A (22.989 g, 0.101 
mol.) in dioxane (100 cm®). The temperature was then raised and the mixture 
was allowed to reflux for six hours. The solvent was then removed in vacuo 
and the resulting viscous fluid was dissolved in diethyl ether (200 cm®). The 
ethereal solution was washed several times with water to eliminate any 
un reacted formaldehyde or methylamine and then dried overnight over 
sodium sulphate. Removal of the ether using a rotary evaporator yielded a 
viscous fluid at room temperature which was re-dissolved in diethyl ether 
before being washed repeatedly with potassium hydroxide (3N), hydrochloric 
acid (3N), and finaily water. After removal of the solvent, a white crystalline
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solid was produced (yield = 28.527 g, 83 %), however still containing 
impurities of ring opened material, /.e. dimeric and oligomeric species.
OH
/
1
Figure 2.2 6-[1 -(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -methyl-ethyl]-3- 
ethyl-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTIR (cm'Y3400 (b, 0-H stretch) 3000 (w, ph-H stretch) 2973, 2870 (s/m, 
aliphatic C-H stretch) 1615,1586, 1498 (m/s, ring stretch), 1447 (m, CH2 
scissor), 1383 (m, N-CH3 sym. def.) 1348 (m, CH2 wag, benzoxazine) 1323 
(m, CH2 wag, benzoxazine) 1255 ( C-H bend) 1233 (s, 0-0-0 asym. stretch) 
1171 (m, O-N-0 asym. stretch) 1120,1077 (m, 0-H in plane bend) 1049 (s, 0- 
0 -0  sym. stretch) 977 (OH3 rock, terminal) 935 (aliphatic 0-H) 900 (s, 0-N 
stretch) 874 (m, 0-H out of plane bend) 858 (m, O-N-0 sym. stretch) 823, 751 
(m, 0-H out of plane bend) 614 (m, ring breathing).
NMR (ODOI3, ppm from TMS) 1.587 (s, 3H, Hn) 2.148 (s. Hr) 2.572 (s,
3H, Hi) 3.670 (s, H3) 3.879 (s, 2H, H3) 4.726 (s, 2H, H2) 6.677 (d of d, 1H, Hg) 
6.810 (s,1H, Hs) 6.942 (d, 1H, Hy)
NMR (ODOI3, ppm from TMS) 31.119(011,011') 39.871 (01,01 ’), 40.768 
(01’), 41.719 (010, 01 O’), 52.424 (03), 56.687 (03’), 60.488 (02’), 83.883 
(02), 115.780 (08, 08’) 119.032 (05) 125.546 (07, 07’), 126.214 (04), 
128.264 (04’), 143.448 (06, 06’), 151.525 (09), 155.761 (09’).
Solvent free system
Paraformaldehyde (0.60 g, 20 mmol.), 40% aqueous methylamine (1.5 cm ,^
20 mmol.) and bisphenol A (2.28 g, 40 mmol.) were paced in an Erlenmeyer
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flask which was stirred magnetically whilst heated at 110 °C for 10 minutes as 
a white opaque paste. This was poured on to an aluminium dish to cool; 
yielding, after grinding, a white solid product (yield = 2.025 g, 60 %). 
Calculated for C21H26N2O2, 72.53 %C, 7.74 %H, 8.28 %N. Found 74.37 %G, 
7.76 %H, 7.26 %N
NMR (CDCI3 , ppm from TMS) 1.601 (s, 3H, Hn) 2.597 (s, 3H, Hi) 3.901 (s, 
2 H, H3) 4.754 (s, 2 H, H2) 6.662 (d, 1 H, Hg) 6.778 (s, 1 H, H5) 6.938 (d, 1 H, Hy)
NMR (GDCI3, ppm from TMS) 31.065 (O il), 39.854 (01 ), 41.697 (010), 
52.392 (03), 83.724 (02), 115.265 (08), 118.946 (05), 125.541 (07), 127.908 
(04), 143.051 (06), 151.413 (09)
2.2.S.2 Synthesis of 6-[1-(3,4-Dihydrc-2H-benzo[e][1,3]oxazin-6-yl)-1- 
methyi-ethyi]-3-phenyi-3,4-dihydro-2H-benzo[e][1,3]oxazine
Standard svnthetic route
In the production of this material a similar methodology was adopted to that 
previously shown above, for the standard synthesis, but using the following 
reagents: formaldehyde aqueous solution (26.25 g, 0.35 mol.), dioxane (80 
cm^), aniline (5.26 g, 0.175 mol.) in dioxane (20 cm^), bisphenol A (20 g,
0.087 mol.). This synthetic route proved to be unsuccessful in the production 
of a pure monomeric material and so the full spectroscopic assignments are 
not shown here. See chapter 3 for further details.
Solvent free synthesis
This material was produced in as according to the methodology shown above, 
for the production of 6-[1-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1-methyl- 
ethyl]-3-ethyl-3,4-dihydro-2H-benzo[e][1,3]oxazine, but using the following 
reagents: Paraformaldehyde (12 g, 0.4 mol.), aniline (18 g, 0.2 mol.) and 
bisphenol A (22.4 g, 0.1 mol.). A yield of 40.427 g (86.81 %) was obtained as 
a white powder. (Calculated for O31H30N2O2, 80.32 %0, 6.74 %H, 6.04 %N. 
Found 79.95 %0, 6.44 %H, 5.75 %N).
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Figure 2.3 6-[1 -(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -methyl-ethyl]-3- 
phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTIR (cm'^) 3200 (b, 0-H stretch) 3000 (w, ph-H stretch) 2924, 2855 (s/m, 
aliphatic C-H stretch) 1599,1494 (m/s, ring stretch), 1464 (m, CHs scissor), 
1377,1326 (m, GH2 wag, benzoxazine) 1231 (s, 0-0-0 asym. stretch) 1157 
(m, O-N-0 asym. stretch) 1120,1077 (m, 0-H in plane bend) 1030 (s, 0 -0-0  
sym. stretch) 970 (OH3 rock, terminal) 944 (aliphatic 0-H) 901 (s, 0-N stretch) 
874 (m, 0-H out of plane bend) 858 (m, O-N-0 sym. stretch) 821, 754 (m, 0-H 
out of plane bend)
NMR (ODOI3 , ppm from TMS) 1.605 (s, 3H, H13) 4.573 (s, 2 H, H5) 5.323 (s, 
2 H, H4) 6.707 (d, 1 H, H10) 6.825 (s, 1 H, Hy) 6.916 (d, 2 H, H3) 6.950 (d, 1 H,
Hg) 7.08 (t, 1H, Hi) 7.241 (t, 2 H, Hz)
NMR (CDOI3, ppm from TMS) 31.082 (014) 41.799 (013) 50.704 (06) 
79.127 (05) 116.393 (011) 118.033 (01) 120.089 (03) 121.213 (CIO)
124.766 (07) 126.401 (08) 129.274 (02) 143.241 (09) 148.517 (04) 152.206 
(012)
2.2.3.3 Synthesis of 3-Allyl"6-[1-(3,4-dlhydro-2H-benzo[e][1,3]oxazln-6- 
yl)-1 -methyl-ethyl]-3,4-dlhydro-2H-benzo[e][1,3]oxazlne
Standard svnthetic route
A similar methodology was adopted to that previously shown above, for the 
standard synthesis, but using the following reagents: formaldehyde aqueous
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solution (13.153 g, 0.1752 mol.), dioxane (80 cm^), allylamine (5.002 g, 
0.0876 mol.) in dioxane (20 cm^), bisphenol A (10 g, 0.0438 mol.). A yield of 
16.224 g (92.01 %) was obtained as a tacky yellow viscous oil. Calculated for 
C25H30N2O2, 76.89 %G, 7.74 %H, 7.17 %N. Found 75.95 %C, 7.86 %H, 5.70 
%N.
Figure 2.4 3-Allyl-6-[1 -(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -methyl- 
ethyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignments
NMR (CDCI3, ppm from TMS) 1.59 (s, 3H, H13) 3.13 (d, 1H, H3) 3.95 (s, 
2H, Hs) 4.82 (s, 2H, H4) 5.20 (d of d, 2H, Hi) 5.91 (m, 1H, Hz) 6.68 (d, 1H,
H10) 6.79 (s, 1H, Hz) 6.95 (d, 1H, Hg)
NMR (CDCI3, ppm from TMS) 31.32 (C l3), 41.92 (Cl 2), 50.20 (C3), 
53.63 (C5), 81.95 (C4), 116.05 (Cl), 118.38 (CIO), 125.76 (C9), 126.50 (C6),
134.94 (C7), 142.92 (C8), 143.60 (C2), 151.97 (C11)
Solvent free svnthesis
This material was produced in as according to the methodology shown 
previously for the solvent free synthesis, but using the following reagents; 
Paraformaldehyde (10.52 g, 0.352 mol.), allylamine (10.048 g, 0.176 mol.) 
and bisphenol A (20.09 g, 88 mmol.). A crude white powder was obtained, 
which is undergoing further purification.
NMR (CDCI3, ppm from TMS) 1.59 (s, 3H, H13) 3.11 (d, 1H, H3) 3.91 (s, 
2H, Hs) 4.81 (s, 2H, H4) 5.17 (d old, 2H, H,) 5.86 (m, 1H, Hg) 6.67 (d, 1H,
H,o) 6.77 (s, IN, H7) 6.95 (d, IN, Hg)
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"C  NMR (CDCI3, ppm from TMS) 31.25 (Cl 3), 41.89 (Cl 2), 50.17 (C3),
54.74 (C5), 82.06 (C4), 115.45 (Cl), 119.23 (CIO), 125.64 (C9), 126.36 (C6), 
133.65 (C7), 142.447 (C8), 143.59 (C2), 151.93 (Cl 1 )
2.2.3.4 Synthesis of 3-Benzyl-6-[1-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6- 
yl)-1 -methyl-ethyi]-3,4-dihydro-2H-benzo[e][1,3]oxazine
Standard svnthetic route
A similar methodology was adopted to that previously shown above, for the 
standard synthesis, but using the following reagents: formaldehyde aqueous 
solution (5.261 g, 175.2 mmol.), dioxane (80 cm^), benzylamine (9.387 g, 
0.0876 mol.) in dioxane (20 cm^), bisphenol A (10 g, 43.8 mmol ). A yield of 
16.346 g (76.06 %) was obtained as a yellow powder. (Calculated for 
C33H34N2O2 , 80.78 %C, 6.98 %H, 5.71 %N. Found 78.99 %C, 7.00 %H, 5.54 
%N).
15
Figure 2.5 3-Benzyl-6-[1-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -methyl- 
ethyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTIR (cm'^) 3000 (w, ph-H stretch) 2973, 2870 (s/m, aliphatic C-H stretch) 
1611,1585, 1496 (m/s, ring stretch), 1456 (m, CHz scissor), 1377 (m, N-CH3 
sym. def.) 1365 (m, CHz wag, benzoxazine) 1322 (m, CHz wag, benzoxazine) 
1255 ( C-H bend) 1230 (s, C-O-C asym. stretch) 1180 (m, C-N-C asym. 
stretch) 1118,1076 (m, C-H in plane bend) 1076 (s, C-O-C sym. stretch) 988 
(CH3 rock, terminal) 934 (aliphatic C-H) 900 (s, C-N stretch) 858 (m, C-N-C 
sym. stretch) 822, 776 (m, C-H out of plane bend) 641 (m, ring breathing).
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NMR (CDCI3, ppm from TMS) 1.59 (s, 3H, H15) 3.899 (s, 2 H, Hg) 3.926 (s, 
2H, He) 6.703 (d, 1H, Hn) 6.782 (s, 1H, Hg) 6.990 (t, 1H, Hi) 7.068 (d, 1H, 
H12) 7.260 (d, 2H, H3) 7.312 (t, 2H, H2)
NMR (CDCI3, ppm from TMS) 31.325 (Cl 5) 41.987 (Cl 4) 50.342 (C6) 
55.873 (C5) 82.326 (C7) 116.072 (Cl 1) 119.414 (C8) 125.843 (C9) 126.511 
(Cl) 127.453 (C l2) 128.700 (C3) 129.305 (C2) 128.452 (CIO) 143.346 (C4) 
152.124 (Cl 3)
2.2.3.S Synthesis of 6"(3,4-Dihydro-2H-benzo[e][1,3]oxazine-6-suifonyi)- 
3-methyi-3,4-dihydro-2H-benzo[e][1,3]oxazine
Standard svnthetic route
A similar methodology was adopted to that previously shown for the bisphenol 
A analogue in the standard synthetic route, but using the following reagents: 
formaldehyde aqueous solution (11.998 g, 0.159 mol.), dioxane (80 cm^), 
methylamine (6.205 g, 79.9 mmol.) in dioxane (20 cm^), bisphenol S (10 g,
39.9 mmol.). This product was initially obtained as a crude tacky opaque 
paste. It was left to dry over night and then recrystallised from chloroform. A 
yield of 9.190 g (63.46 %) was obtained as a yellow crystalline solid. 
(Calculated for C18H20N2O4S, 59.98 %C, 5.59 %H, 7.77 %N. Found 59.15 
%C, 5.67 %H, 7.31 %N)
Figure 2.6 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazine-6-sulfonyl)-3-methyl-3,4- 
dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTIR (cm* )^ 3271 (b, 0-H stretch) 3030 (w, ph-H stretch) 2925, 2854 (s/m, 
aliphatic C-H stretch) 1664,1597, 1506 (m/s, ring stretch), 1456 (0=S=0
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asym. stretch) 1430 (m, CH2 scissor), 1377 (m, N-CH3 sym. def.) 1327 (m, 
CH2 wag, benzoxazine) 1327 (m, CH2 wag, benzoxazine) 1258 ( C-H bend) 
1162 ( S=0 stretch) 1152 (s, C-O-C asym. stretch) 1124 (m, C-N-C asym. 
stretch) 1096 (m, C-H in plane bend) 1024 (s, C-O-C sym. stretch) 992 (CH3 
rock, terminal) 933 (aliphatic C-H) 900 (s, C-N stretch) 874 (m, C-H out of 
plane bend) 858 (m, C-N-C sym. stretch) 823, 755 (m, C-H out of plane bend) 
662 (m, ring breathing).
NMR (CDCI3, ppm from TMS) 2.567 (s, 3H, Hi) 3.967 (s, 2H, H3) 4.833 (s, 
2H, Hz) 6.854 (d, 1H, Ha) 7.550 (s, 1H, H5) 7.646 (d, 1H, Hy)
^^0 NMR (CDCI3, ppm from TMS) 40.042 (Cl), 52.013 (C3), 84.840 (C2),
116.243 (start material), 117.433 (C8), 120.666 (C4), 127.701 (C7), 127.737 
(C5), 130.005 (start material), 133.717 (C6), 158.079 (C9)
2.2.3.6 Synthesis of 6-(3,4-Dlhydro-2H-benzo[e][1,3]oxazlne-6-sulfonyl)- 
3-pheny!-3,4-dihydro-2H-benzo[e][1,3]oxazine
Standard svnthetic route
A similar methodology was adopted to that previously shown above, for the 
standard synthesis, but using the following reagents: formaldehyde aqueous 
solution (4.798 g, 0.160 mol.), dioxane (80 cm^), aniline (7.442 g, 0.080 mol.) 
in dioxane (20 cm^), bisphenol S (10 g, 0.04 mol.). A yield of 12.471 g (63.46 
%) was obtained as a fine yellow powder.
o
Figure 2.7 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazine-6-sulfonyl)-3-phenyl-3,4- 
dihydro-2H-benzo[e][1,3]oxazine structural assignments
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FTIR (cm’ )^ 3294 (b, 0-H stretch) 3030 (w, ph-H stretch) 226, 2855 (s/m, 
aliphatic C-H stretch) 1664,1598 (m/s, ring stretch), 1496 (0=S=0 asym. 
stretch) 1464 (m, CH2 scissor), 1377 (m, N-CH3 sym. def.) 1283 (m, CH2 wag, 
benzoxazine) 1257 ( C-H bend) 1162 ( 0=S=0 sym. stretch) 1140 (s, C-O-C 
asym. stretch) 1119 (m, C-N-C asym. stretch) 1098 (s, C-O-C sym. stretch) 
922 (aliphatic C-H) 900 (s, C-N stretch) 836 (m, C-N-C sym. stretch) 819, 755 
(m, C-H out of plane bend) 691 (m, ring breathing).
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.4 mol.), dioxane (80 cm^), aniline (18 g, 0.02 mol.) in dioxane (20 cm^), 
bisphenol S (25.03 g, 0.1 mol.). A yield of 14.179 g (82.92 %) was obtained as 
yellow crystalline solid. (Calculated for C28H24N2O4S, 69.40 %C, 4.99 %H,
5.78 %N. Found 64.92 %C, 5.02 %H, 5.36 %N)
FTIR (cm"") 3368 (b, 0-H stretch) 3030 (w, ph-H stretch) 2925, 2855 (s/m, 
aliphatic C-H stretch) 1660,1601, 1584 (m/s, ring stretch), 1498 (0=S=0 
asym. stretch) 1464 (m, CH2 scissor), 1377 (m, N-CH3 sym. def.) 1284 (m,
CH2 wag, benzoxazine) 1231 ( C-H bend) 1176 ( S=0 stretch) 1140 (s, C-O-C 
asym. stretch) 1102 (m, C-N-C asym. stretch) 1073 (m, C-H in plane bend) 
1009 (s, C-O-C sym. stretch) 922 (aliphatic C-H) 900 (s, C-N stretch) 836 (m, 
C-N-C sym. stretch) 819, 754 (m, C-H out of plane bend) 691 (m, ring 
breathing).
NMR (CDCI3, ppm from TMS) 4.898 (s, 2 H, He) 5.383 (s, 2 H, H5) 6.841 (d, 
1H, H11) 6.959 (t, 1H, Hi) 7.079 (d, 2H, H3) 7.259 (t, 2 H, H2) 7.564 (s, 1 H, He) 
7.610 (d,1H,Hio)
NMR (CDCI3, ppm from TMS) 40.042 (Cl), 52.013 (C3), 84.840 (C2),
116.243 (start material), 117.433 (C8), 120.666 (C4), 127.701 (C7), 127.737 
(C5), 130.005 (start material), 133.717 (C6), 158.079 (C9)
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2.2.S.7 Synthesis of 3-Benzyl-6-(3,4-dlhydro-2H-benzo[e][1,3]oxazlne-6- 
sulfonyl)-3,4-d[hydro-2H-benzo[e][1,3]oxazlne
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: Paraformaldehyde 
(9.61 g, 0.32 mol.), benzylamine (17.14 g, 0.16 mol.), bisphenol S (20 g, 0.08 
mol.). A yield of 31.107 g (75.93%) was obtained as yellow powder. 
(Calculated for C30H24N2O4S, 70.85 %C, 4.76 %H, 5.51 %N. Found 67.93 
%G, 5.45 %H, 5.12 %N)
5
\
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Figure 2.8 3-Benzyl-6-(3,4-dihydro-2H-benzo[e][1,3]oxazine-6-sulfonyl)-3,4- 
dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTIR (cm'^) 3368 (b, 0-H stretch) 3030 (w, ph-H stretch) 2925, 2855 (s/m, 
aliphatic C-H stretch) 1671,1575 (m/s, ring stretch), 1498 (0=8=0 asym. 
stretch) 1464 (m, CH2 scissor), 1377 (m, N-CH3 sym. def.) 1294 (m, CH2 wag, 
benzoxazine) 1231 ( C-H bend) 1176 ( 8=0 stretch) 1142 (s, C-O-C asym. 
stretch) 1113 (m, C-N-C asym. stretch) 1085 (m, C-H in plane bend) 1022 (s, 
C-O-C sym. stretch) 915 (aliphatic C-H) 900 (s, C-N stretch) 827 (m, C-N-C 
sym. stretch) 819, 732 (m, C-H out of plane bend) 697 (m, ring breathing).
NMR (De -acetone, ppm from TM8) 2.167 (s, 2 H, H5) 3.884 (s, 8M(start 
material)) 4.036 (s, 2 H, He) 4.965 (s, 2 H, H7) 6.894 (d, 1H, H12) 6.956 (d, 1 H, 
Hg) 7.306 (m, ?H, Hi and 8 M) 7.510 (d, 1H, Hu) 7.748 (t, 2H, H2) 7.758 (d,
2H, H3)
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NMR (De -acetone, ppm from TMS) 40.614 (C5) 49.198 (C6) 55.292 (SM) 
83.024 (C7) 116.128 (C9) 117.151 (Cl 2) 127.380 (C4) 127.744 (C2) 128.285 
(C8) 128.778 (C11) 129.314 (Cl) 129.631 (C3) 138.336 (CIO) 158.624 (C13)
2.2.3.S Synthesis of 3-AllyI-6-(3,4-dihydro-2H-benzo[e][1,3]oxazine-6- 
suIfonyI)-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde 
(9.59 g, 0.320 mol.), allylamine (9.12 g, 0.160 mol.), bisphenol S (20 g, 0.08 
mol.). A yield of 23.684 g (71.85%) was obtained as a light yellow powder. 
(Calculated for C22H24N2O4S, 64.06 %C, 5.86 %H, 6.79 %N. Found 60.50 
%C, 5.59 %H, 5.69. %N)
FTIR (cm'"') 2950 (w, ph-H stretch), 2897 (s/m, aliphatic C-H stretch), 1682, 
1576,1485 (C-C stretch), 1443 (CH3 asym. def.), 1283 (m, CH2 wag, 
benzoxazine), 1232 (s, C-O-C asym. stretch) 1172 (m, C-N-C asym. stretch) 
1139 (C-N stretch) 1090 (m, C-H in plane bend) 1010 (s, C-O-C sym. stretch) 
990 (N-C stretch) 909 (aliphatic C-H) 880 (s, C-N stretch) 835 (C-H def.) 684 
(m, ring breathing).
2.2.3.9 Synthesis of 6-[1 -(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 - 
trifIuormethyl-trifluoroethyl]-3-methyl-3,4-dihydro-2H- 
benzo[e][1,3]oxazine
Standard svnthetic route
A similar methodology was adopted to that previously shown, for the standard 
synthesis, but using the following reagents: formaldehyde aqueous solution 
(14.734 g, 0.1784 mol.), dioxane (80 cm^), methylamine (7.038 g, 0.0892 
mol.) in dioxane (20 cm^), bisphenol AFe (14.643 g, 0.0446 mol.). A yield of 
17.522 g (90.13 %) was obtained as a pale yellow solid. (Calculated for 
C21H20N2O2F6, 56.50 %C, 4.52 %H, 6.28 %N. Found 56.13 %C, 4.6 %H, 5.60 
%N)
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Figure 2.9 6-[1 -(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -trifluormethyl- 
trifluoroethyl]-3-methyl-3,4-dihydro-2H-benzo[e][1,3]oxazine structural
assignments
FTIR (cm'^) 3000 (w, ph-H stretch) 2854 (s/m, aliphatic C-H stretch) 1616, 
1504 (m/s, ring stretch), 1464 (m, CH2 scissor), 1377 (m, N-CH3 sym. def.) 
1330 (m, CH2 wag, benzoxazine) 1307 (m, CH2 wag, benzoxazine) 1287 ( C- 
H bend) 1241 (s, C-O-C asym. stretch) 1188 (m, C-N-C asym. stretch) 1147 
(C-F stretch) 1120 (m, C-H in plane bend) 1030 (s, C-O-C sym. stretch) 966 
(CH3 rock, terminal) 922 (aliphatic C-H) 908 (s, C-N stretch) 891 (m, C-H out 
of plane bend) 822, 738 (m, C-N-C sym. stretch) 715 (m, ring breathing).
NMR (CDCI3, ppm from TMS) 2.612 (s, 3H, Hi) 3.928 (s, 2H, H3) 4.813 (s, 
2H, H2) 6.747 (d of d, 1 H, Hy) 7.011 (s, 1 H, H5) 7.090 (s, 1 H, Hs)
^^ 0 NMR (CDCI3, ppm from TMS) 40.096 (Cl) 52.398 (C2) 67.325 (CIO) 
84.325 (C3) 116.284 (C8) 119.587 (C5) 125.526 (C6) 129.523 (C7) 130.025 
(C4) 154.318 (C9)
2.2.3.10 Synthesis of 6-[1-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1- 
trifluoromethyl-trifluoroethyl]-3-phenyl-3,4-dihydro-2H- 
benzo[e][1,3]oxazine
Standard svnthetic route
In the production of this material a similar methodology was adopted to that 
previously shown above, for the standard synthesis, but using the following 
reagents: formaldehyde aqueous solution (7.143 g, 0.237 mol.), dioxane (80
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cm^), aniline (27.697g, 0.119 mol.) in dioxane (20 cm^), bisphenol S (19.861 
g, 0.060 mol.). This synthetic route proved to be unsuccessful in the 
production of a pure monomeric material and so the spectroscopic 
assignments are not shown here. See chapter 3 for further details.
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.4 mol.), dioxane (80 cm^), aniline (18 g, 0.2 mol.) in dioxane (20 cm^), 
bisphenol AFe (33.623 g, 0.1 mol.). A yield of 37.547 g (82.24 %) was 
obtained as a yellow powder. (Calculated for C31H24N2O2F6, 65.26 %C, 4.24 
%H, 4.91 %N. Found 62.62 %C, 4.08 %H, 4.65 %N)
Figure 2.10 6-[1 -(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 -trifluoromethyl- 
trifluoroethyl]-3-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine structural
assignments
FTIR (cm'^) 3401 (b, 0-H stretch) 3000 (w, ph-H stretch) 2854 (s/m, aliphatic 
C-H stretch) 1602,1504 (m/s, ring stretch), 1464 (m, CH2 scissor), 1377 (m, 
N-CH3 sym. def.) 1348 (m, CH2 wag, benzoxazine) 1307 (m, CH2 wag, 
benzoxazine) 1250 ( C-H bend) 1244 (s, C-O-C asym. stretch) 1197 (m, C-N- 
C asym. stretch) 1190 (C-F stretch) 1127, 1097 (m, C-H in plane bend) 1030 
(s, C-O-C sym. stretch) 965 (CH3 rock, terminal) 921 (aliphatic C-H) 900 (s, C- 
N stretch) 883 (m, C-H out of plane bend) 837 (m, C-N-C sym. stretch) 823, 
746 (m, C-H out of plane bend) 691 (m, ring breathing).
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NMR (CDCI3, ppm from TMS) 4.602 (s, 2H, He) 5.381 (s, 2H, Hg) 6.778 (d, 
1H, H11) 6.95 (d, 2H, H3) 7.030 (s, 1H, He) 7.104 (d, 1H, H10) 7.251 (t, 1H, Hi) 
7.282 (t, 2H, Hz)
NMR (CDCI3, ppm from TMS) 50.764 (C5), 79.655 (C6), 115.226 (Cl 1), 
116.942 (04), 118.393 (07), 120.726 (010), 121.813 (01), 125.757 (013), 
128.729 (08), 129.573 (02), 130.135 (03), 131.911 (014), 148.343 (09), 
154.979 (012)
2.2.3.11 Synthesis of 3-Benzyl-6-[1-(3,4-dihydro-2H-benzo[e][1,3]oxazin- 
6-yl)-1 -trlfluoromethyi-trlfluoroethyl]-3,4-dlhydro-2H- 
benzo[e][1,3]oxaz!ne
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents; paraformaldehyde (12 
g, 0.4 mol.), benzylamine (18 g, 0.2 mol.), bisphenol AFe (33.623 g, 0.1 mol.).
A yield of 37.547 g (82.24 %) was obtained as a yellow powder.
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Figure 2.11 3-Benzyl-6-[1-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1- 
trifluoromethyl-trifluoroethyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine structural
assignments
’H NMR (CDCI3, ppm from TMS) 1.598 (s, 2 H, Hs) 3.927 (s, 2 H, Hg) 4.828 (s, 
2H, H?) 6.710 (d, 1H, Hn) 6.783 (s, 1H, Hg) 6.986 (t, 1H, H,) 7.088 (d, 1H, 
H,2) 7.239 (d, 2H, Ha) 7.343 (t, 2 H, Hz)
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NMR (CDCI3, ppm from TMS) 31.070 (C l5) 50.062 (06) 55.623 (05) 
82.599 (07) 114.748 (014) 115.818 (012) 119.162 (08) 125.591 (O il) 
127.029 (09) 127.200 (01) 127.951 (03) 128.055 (02) 138.198 (010)
143.225 (04) 151.872 (013)
2.2.3.12 Synthesis of 3-Allyl-6-[1-(3,4-dihydro-2H“benzo[e][1,3]oxazin-6- 
yl)-1-trifluoromethyl-trifluoroethyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde 
(7.14 g, 0.24 mol.), allylamine (8.98 cm^ 0.12 mol.), bisphenol AFe (20 g, 0.06 
mol.). A yield of 27.395 g (92.77 %) was obtained as a yellow powder. 
(Calculated for 025H24N202Fe, 60.24 %0, 4.84 %H, 5.62 %N. Found 77.74 
%0, 6.42 %H, 6.42 %N)
Figure 2.12 3-Allyl-6-[1 -(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)-1 - 
trifluoromethyl-trifluoroethyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine structural
assignments
FTIR (cm"") 3000 (w, ph-H stretch) 2854 (s/m, aliphatic 0-H stretch) 1615, 
1504 (m/s, ring stretch), 1463 (m, OH2 scissor), 1377 (m, N-OH3 sym. def.) 
1340 (m, OH2 wag, benzoxazine) 1240 (s, 0-0-0 asym. stretch) 1192 (m, 0- 
N-0 asym. stretch) 1148 (0-F stretch) 1128 (m, 0-H in plane bend) 1025 (s, 
0-0-0 sym. stretch) 964 (OH3 rock, terminal) 921 (aliphatic 0-H) 900 (s, 0-N 
stretch) 822, 763 (m, O-N-0 sym. stretch) 691 (m, ring breathing).
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NMR (CDCI3, ppm from TMS) 3.316 (d, 2 H, H3) 3.959 (s, 2 H, Hg) 4.887 (s, 
2 H, H4) 5.213 (d, 2 H, Hi) 5.886 (M, 1 H, Hg) 6.737 (d, 1 H, Hg) 6.905 (s, 1 H, Hy) 
7.103 (d,1H,Hio)
2.2.3.13 Synthesis of 6“[(Z)-2-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)- 
propenyi]-3-methyl-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.4 mol.), methylamine (15 ml, 0.2 mol.), DHAMS (22.63 g, 0.1 mol.). A 
yield of 30.90 g (91.8 %) was obtained as a yellow solid. Calculated for 
C22H24N2O2, 75.83 %C, 6.94 %H, 8.04 %N. Found 68.80 %C, 6.97 %H,
7.11%N)
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Figure 2.13 6-[(Z)-2-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-propenyl]-3- 
methyl-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignment
FTIR (cm’ )^ 3213 (OH stretch), 2944 (w, ph-H stretch), 2851 (s/m, aliphatic C- 
H stretch), 1611, 1582,1495 (C-C stretch), 1445 (CH3 asym. def.), 1374 (CH3 
sym. def.), 1344 (m, CH2 wag, benzoxazine), 1228 (s, C-O-C asym. stretch) 
1203 (m, C-N-C asym. stretch) 1133, 1116 (C-N stretch) 1067 (m, C-H in 
plane bend) 1026 (s, C-O-C sym. stretch) 976 (N-CH3 rock, terminal) 922 
(aliphatic C-H) 856 (s, C-N stretch) 816 (C-H def.) 697 (m, ring breathing).
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NMR (CDCI3, ppm from TMS) 2.220 (s, 3H, H12) 2.620 (s, 3H, Hi) 3.983 (s, 
2H, H3) 4.806 (s, 2H, H2) 6.643 (d, 1H, Hs) 6.798 (s, 1H, H10) 6.948 (s, 1H, Hg) 
7.116 (d ,1H, Hy)
NMR (CDCI3, ppm from TMS) 17.485 (C l2) 39.799 (Cl) 52.305 (C3) 
83.880 (C2) 115.801 (C8) 119.368 (CIO) 125.814 (C7) 128.681 (C4) 129.435 
(C5) 131.141 (C6) 136.652 (C11) 152.948 (C9)
2.2.3.14 Synthesis of 6-[(Z)-2-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)- 
propenyl]-3-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.24 mol.), aniline (17.6 ml, 0.12 mol.), DHAMS (22.627 g, 0.06 mol.). A 
pale pink solid product was obtained. (Calculated for C29H28N2O2, 79.79 %C, 
6.46 %H, 6.42 %N. Found 78.31 %C, 5.97 %H, 6.31 %N)
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Figure 2.14 6-[(Z)-2-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yl)-propenyl]-3- 
phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignment
NMR (CDCI3, ppm from TMS) 2.216 (s, 2 H, Hig) 3.980 (s, 2 H, Hg) 4.895 (s, 
2H, He) 6.639 (s, 1H, Hn) 6.812 (t, 1H, Hi) 6.909 (s, 1 H, H13) 7.064 (s, 1H, Hs) 
7.275 (d, 1 H, H10) 7.293 (d, 2 H, H3) 7.301 (t, 2 H, H2)
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NMR (CDCI3, ppm from TMS) 17.481 (C15), 50.051 (C6), 55.822 (C5), 
116.485 (C11), 119.827 (C l3), 125.287 (C7) 126.044 (Cl), 127.639 (CIO), 
128.527 (C3), 128.704 (C8), 129.216 (C2), 131.348 (C9), 136.873 (C l4) 
138.397 (C4), 153.662 (Cl 2)
2.2.3.15 Synthesis of 3-Benzyi-6-[(Z)-2-(3,4-dihydro-2H- 
benzo[e][1,3]oxazin-6-yl)-propenyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde 
(10.62 g, 0.354 mol.), benzylamine (19.31 cm ,^ 0.177 mol.), DHAMS (20 g, 
0.088 mol.). A yield of 31.920 g (73.91 %) was obtained as a light brown 
powder. Calculated for C33H32N2O2, 81.12 %C, 6.60 %H, 5.73 %N. Found 
80.59 %C, 6.51 %H, 5.76 %N
10 14
Figure 2.15 3-Benzyl-6-[(Z)-2-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)- 
propenyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTIR (cm'^) 2944 (w, ph-H stretch), 2849 (s/m, aliphatic C-H stretch), 1611, 
1579, 1494 (C-C stretch), 1452 (CH3 asym. def.), 1370 (CH3 sym. def.), 1319 
(m, CH2 wag, benzoxazine), 1230 (s, C-O-C asym. stretch) 1203 (m, C-N-C  
asym. stretch) 1113 (C-N stretch) 1076 (m, C-H in plane bend) 1024 (s, C-0 - 
C sym. stretch) 987 (N-CH3 rock, terminal) 923 (aliphatic C-H) 872 (s, C-N 
stretch) 816 (C-H def.) 697 (m, ring breathing).
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NMR (CDCI3, ppm from TMS) 2.209 (s, 3H, Hie) 3.940 (s, 2H, He) 3.999 (s, 
2H, Hg) 4.895 (s, 2H, Hy) 6.639 (s, 1H, Hu) 6.826 (d, 1H, H12) 6.909 (s, 1H,
Hg) 7.137 (d, 1H, H11) 7.275-7.346 (m, 5H, Hi.2,3)
NMR (CDCI3, ppm from TMS) 17.487 (C l6), 49.823 (C5) 55.596 (C6), 
82.421 (C7) 116.257 (Cl 2) 119.602 (Cl 4) 125.324 (C9) 125.816 (C8)
127.410 (Cl 1 ) 128.299 (C2) 128.476 (Cl) 128.698 (C3) 131.119 (CIO)
135.357 (Cl 5) 138.175 (C4) 153.435 (Cl 3)
2.2.3.16 Synthesis of 3-AIIyl-6-[(Z)-2-(3,4-dihydro-2H-benzo[e][1,3]oxazin- 
6-yl)-propenyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents; paraformaldehyde 
(10.60 g, 0.354 mol.), allylamine (13.17 ml, 0.176 mol.), DHAMS (20 g, 0.088 
mol.). A tacky pink solid was obtained as a crude product.
Figure 2.16 3-Allyl-6-[(Z)-2-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yl)- 
propenyl]-3,4-dihydro-2H-benzo[e][1,3]oxazine structural assignments
NMR (CDCI3, ppm from TMS) 2.219 (s, 3H, Hu) 3.411 (d, 2 H, H3) 4.019 (s, 
2H, H4) 4.882 (s, 2H, Hg) 5.221, 5.256 (m, 3H, Hi) 5.926 (m, 1H, Hg) 6.638 (s, 
1 H, H12) 6.788 (d, 1 H, Hg) 6.931 (s, 1 H, Hy) 7.131 (d, 1 H, H10)
NMR (CDCI3, ppm from TMS) 17.460 (C l4) 49.695 (C3) 54.534 (C4) 
82.188 (C5) 116.117 (C2) 118.339 (CIO) 119.593 (C l2) 124.917 (C6)
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125.798 (C9) 128.166 (C7) 131.063 (C8) 136.586 (Cl) 136.586 (C l3)
153.401 (C11)
2.2.3.17 Synthesis of 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yloxy)-3- 
methyl-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.352 mol.), methylamine (15 cm^, 0.176 mol.), DHPE (20.221 g, 0.088 
mol.). A yield of 27.485 g (87.99 %) was obtained as a brown solid.
(Calculated for C18H20N2O3, 69.21 %C, 6.45 %H, 8.97 %N. Found 67.88 %C, 
6.13 %H, 7.10 %N)
Figure 2.17 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yloxy)-3-methyl-3,4- 
dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTIR (cm'^) 2946 (w, ph-H stretch), 2848 (s/m, aliphatic C-H stretch), 1616, 
1596,1484 (C-C stretch), 1431 (CH3 asym. def.), 1382 (CH3 sym. def.), 1345 
(m, CH2 wag, benzoxazine), 1228 (s, C-O-C asym. stretch) 1192 (m, C-N-C 
asym. stretch) 1132,1104 (C-N stretch) 1048 (m, C-H in plane bend) 1028 (s, 
C-O-C sym. stretch) 977 (N-CH3 rock, terminal) 911 (aliphatic C-H) 874 (s, C- 
N stretch) 849, 814 (C-H def.) 698 (m, ring breathing).
NMR (CDCI3, ppm from TMS) 2.600 (s, 3H, Hi) 3.905 (s, 2H, H2) 4.758 (s, 
2H, H3) 6.703 (s, 1H, Hg) 6.743 (m, 2H, Hs.y)
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NMR (CDCI3, ppm from TMS) 40.008 (C1) 52.451 (C2) 83.915 (C3) 
116.510 (C8) 117.511 (C7) 119.915 (C5) 123.501 (C4) 149.465 (C6) 151.487 
(C9)
2.2.3.18 Synthesis of 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazln-6-yloxy)-3- 
pheny!-3,4-dlhyciro-2H-benzo[e][1,3]oxazlne
Solvent free svnthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.4 mol.), aniline (17.61 cm ,^ 0.2 mol.), DHPE (20.221 g, 0.1 mol.). A yield 
of 38.37 g (87.9 %) was obtained as a light brown solid. (Calculated for 
C24H24N2O3, 74.21 %C, 6.23 %H, 7.21 %N. Found 75.82 %C, 5.28 %H, 6.00 
%N)
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Figure 2.18 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yloxy)-3-phenyl-3,4- 
dihydro-2H-benzo[e][1,3]oxazine structural assignments
NMR (CDCI3, ppm from IMS) 4.566 (s, 2 H, H5) 5.323 (s, 2 H, He) 6.621 (s, 
1 H, He) 6.752 (t, 2 H, H2) 6.858 (d, 1 H, Hn) 6.934 (t, 1 H, Hi) 7.100 (d, 2 H, H3) 
7.240 (t,1H,Hio)
NMR (CDGI3, ppm from TMS) 50.755 (05) 79.642 (06) 116.688 (03)
117.931 (011)118.401 (010) 118.746 (08) 120.304 (01)121.756 (07)
148.591 (04) 150.275 (09) 151.930 (012)
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2.2.3.19 Synthesis of 3-Benzyi-6-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6- 
yloxy)-3,4-dlhydrO"2H-benzo[e][1,3]oxazlne
Solvent free synthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde 
(11.88 g, 0.396 mol.), benzylamine (21.6 cm^ 0.198 mol.), DHPE (20 g, 0.099 
mol.). A yield of 38.480 g (83.75 %) was obtained as a light brown powder. 
(Calculated for C30H28N2O3, 77.56 %C, 6.07 %H, 6.03 %N. Found 77.12 %C,
5.94 %H, 5.89 %N)
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Figure 2.19 3-Benzyl-6-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yloxy)-3,4- 
dihydro-2H-benzo[e][1,3]oxazine structural assignments
FTiR (cm"") 2946 (w, ph-H stretch), 2850 (s/m, aliphatic C-H stretch), 1615, 
1599,1483 (C-C stretch), 1432 (CH3 asym. def.), 1372 (CH3 sym. def.), 1319 
(m, CH2 wag, benzoxazine), 1231 (s, 0-0-0 asym. stretch) 1201 (m, O-N-0 
asym. stretch) 1123 (0-N stretch) 1078 (m, 0-H in plane bend) 1027 (s, 0-0- 
0 sym. stretch) 987 (N-OH3 rock, terminal) 927 (aliphatic 0-H) 873 (s, 0-N 
stretch) 814 (0-H def.) 692 (m, ring breathing).
NMR (ODOI3, ppm from IMS) 3.917 (s, 4H, Hs.e) 4.844 (s, 2H, H?) 6.562 
(s, 1H, Hg) 6.762 (d, 2H, H3) 7.262 (t, 2H, Hu) 7.348 (m, 5H, Hi,2, i2)
NMR (ODOI3, ppm from TMS) 49.777 (05) 55.626 (06) 82.232 (07)
116.247 (012) 117.332 (011)118.013 (09) 120.882 (08) 127.443 (01 ) 
128.489 (03) 128.973 (02) 138.078 (04) 149.742 (010) 151.253 (013)
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2.2.3.20 Synthesis of 3-Aiiyi-6-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6- 
yioxy)-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free synthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde 
(11.87 g, 0.4 mol.), allylamine (14.8 ml, 0.2 mol.), DHPE (20 g, 0.099 mol.). A 
crude yield was obtained as a tacky very viscous brown oil.
Figure 2.20 3-Allyl-6-(3,4-dihydro-2H-benzo[e][1,3]oxazin-6-yloxy)-3,4- 
dihydro-2H-benzo[e][1,3]oxazine structural assignments
NMR (CDCIs, ppm from TMS) 3.383 (d, 2H, Hg) 3.931 (s, 2H, H4) 4.814 (s, 
2H, Hs) 5.238 (m, 2H, Hi) 5.904 (m, 1H, Hg) 6.563 (d, 1H, H10) 6.722 (s, 1H, 
Hy) 6.752 (d ,1 H, Hg)
NMR (CDCI3, ppm from TMS) 49.893 (C3) 54.809 (C4) 82.243 (C5) 
116.937 (C2) 117.511 (CIO) 118.427 (C9) 118.622 (C7) 121.114 (C6)
135.174 (Cl) 149.929 (C8) 151.444 (C11)
2.2.3.21 Synthesis of 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yisuifanyi)- 
3-methyi-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free system
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.4 mol.), methylamine (15 ml, 0.2 mol.), 4-[(4’-Hydroxyphenyl)thio]phenol 
(21.83 g, 0.1 mol.). A yield of 30.452 g (92.7 %) was obtained as a tacky very 
viscous pale pink oil. (Calculated for CisHgoNgOgS, 65.83 %C, 6.14 %H, 8.53 
%N. Found 63.13 %C, 6.05 %H, 7.23 %N)
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Figure 2.21 6-{3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-yIsulfanyl)-3-methyl-3,4- 
dihydro-2H-benzo[e][1,3]oxazine spectral assignments
NMR (CDCI3, ppm from TMS) 2.582 (s, 3H, Hi) 3.895 (s, 2H, Hg) 4.772 (s, 
2H, H3) 6.742 (d, 1H, Hy) 6.975 (d, 1H, H5) 7.097 (s, 1H, Hg)
NMR (CDCI3, ppm from IMS) 40.023 (Cl) 52.215 (03) 84.176 (02)
117.492 (08) 120.914 (04) 127.320 (06) 130.892 (07) 131.286 (05) 153.413 
(C9)
2.2.3.22 Synthesis of 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-ylsulfanyl)- 
3-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine
Solvent free system
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents: paraformaldehyde (12 
g, 0.4 mol.), methylamine (17.61 ml, 0.2 mol.), 4-[(4’- 
hydroxyphenyl)thio]phenol (21.83 g, 0.1 mol.). A yield of 43.292 g (95.6 %) 
was obtained as a tacky very viscous pale pink oil. (Calculated for 
O28H24N2O2S, 74.31 %0, 5.34 %H, 6.19 %N. Found 72.5 %0, 5.16 %H, 5.73 
%N)
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Figure 2.22 6-(3,4-Dihydro-2H-benzo[e][1,3]oxazin-6-ylsuifanyl)-3-phenyI-3,4- 
dihydro-2H-benzo[e][1,3]oxazine spectral assignments
NMR (CDCI3, ppm from TMS) 4.551 (s, 2H, H5) 5.330 (s, 2H, He) 6.719 (d, 
1H, H11) 6.736 (d, 2H, Hz) 6.931 (t, 1H, Hi) 6.990 (s, 1H, Hs) 7.067 (d, 2H, H3) 
7.230 (d, 1H, H10)
NMR (CDCI3, ppm from TMS) 50.607 (C5) 79.836 (C6) 116.554 (C il)  
117.415 (03) 118.574 (01) 121.901 (07) 129.470 (02) 129.979 (CIO)
130.944 (08) 133.684 (09) 148.424 (04) 154.085 (012)
2.2.3.23 Synthesis of 3-Methyl-6-phenyl-3,4-dihydro-2H- 
benzo[e][1,3]oxazine -
Standard synthetic route
In the production of this material a similar methodology was adopted to that 
previously shown above, for the standard synthesis, but using the following 
reagents: formaldehyde aqueous solution (4.33 cm , 56.9 mmol.), dioxane (80 
cm^), methylamine (0.95 cm ,^ 28.4 mmol.) in dioxane (20 cm^), phenylphenol 
(4.85 g, 28.4 mmol.). A yield of 2.927g (46.6%) was obtained as a waxy white 
solid. (Calculated for O15H15NO, 79.97 %0, 6.71 %H, 6.22 %N. Found 79.45 
%0, 6.63 %H, 6.09 %N)
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Figure 2.23 3-Methyl-6-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazine structural
assignments
FTIR (cm'"') 3410 (b, OH bend) 3000 (w, ph-H stretch), 2945 (s/m, aliphatic C- 
H stretch), 1615 (C -  N in plane bending) 1511,1484 (C-C stretch), 1452 
(GHz scissoring) 1432 (CH3 asym. def.), 1372 (CH3 sym. def.), 1324 (m, GHz 
wag, benzoxazine), 1234 (s, C-O-C asym. stretch) 1201 (m, C-N-Ç asym. 
stretch) 1158 (C-H in plane bending) 1120 (C-N-G asym stretch) 1052 (0-0-0 
sym stretch) 929, 825 (aliphatic 0-H bending) 858 (s, O-N-0 sym. stretch) 764 
(m,benzox. ring breathing).
'H NMR (CDCI3, ppm from TMS) 2.6 (s, 3H, Ho) 4.01 (s, 2H, Hn) 4.8 (s, 2 H, 
Ho) 6 .8 8  (d, 1H, Hg) 7.205 (s, 1 H, He) 7.315 (t, 1 H, Hi) 7.385 (d, 1 H, Hio) 7.4 
(t, 2H, Hg) 7.52 (d, 2H, Ha)
” C NMR (CDCI3, ppm from TMS) 40.057 (C13) 52.497 (Cl 1 ) 84.198 (012) 
116.598 (09) 120.239 (07) 162.423 (06) 126.650 (010) 126.863 (03)
127.423 (01) 128.911 (02) 133.958 (04) 141.039 (05) 153.569 (08)
2.2.3.24 Synthesis of “new route” (NR) b/sbenzoxazine
Step 1
Similar to the standard synthetic route a benzoxazine was produced in step 1 
of this reaction using, however, the following reagents: formaldehyde aqueous 
solution (19 cm^ 0.2 mol.), dioxane (80 cm^), methylamine (8.26 cm ,^ 0.1 
mol.) in dioxane (20 cm^), p-chlorophenol (10.38 g, 0.1 mol.). A yield of 
13.49g (Calculated for O9H10NOOI, 58.9 %0, 5.5 %H, 7.6 %N. Found 58.61 
%0, 5.435 %H, 7.495 %N)
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Figure 2.24 NR step 1 structural assignments
FTiR (cm‘ )^ 3000 (w, ph-H stretch), 2924 (s/m, aliphatic C-H stretch), 1618 
(G-N in plane bending) 1574 (0-0 stretch), 1484 (tri-substituted Ar.), 1440 
(OH3 asym. def.), 1408 (OH3 sym. def.), 1317 (m, OH2 wag, benzoxazine), 
1292 (s, 0 -0-0  asym. stretch) 1233 (Ar. 0-H def. in plane), 1174 (m, O-N-0 
asym. stretch) 1145 (0-H in plane bending) 1120 (O-N-0 asym stretch) 1052 
(0-0-0 sym stretch) 1026 (0-01 bend), 922 (aliphatic 0-H bending) 856 (s, 0- 
N-0 sym. stretch) 744 (m, benzox. ring breathing).
NMR (ODOI3, ppm from IMS) 2.580 (s, 3H, Hi) 3.915 (s, 2H, H3) 4.775 (s, 
2H, Hz) 6.713 (d, 1 H, Hg) 6.945 (s, 1 H, H5) 7.077 (d, 1 H, H?)
NMR (ODOI3, ppm from IMS) 39.970 (01) 52.105 (03) 84.171 (02) 
117.323 (08) 121.476 (04) 125.365 (06) 127.497 (07) 127.920 (05) 153.557 
(09)
Step 2
Ethylene glycol (0.589 g, 12.7 mmol.) and the benzoxazine formed in step 1 
(25.5 mmol., 4.697 g) were dissolved In DMF (50 ml) in a round-bottomed 
flask to which potassium carbonate (7.07 g, 51.1 mmol.) was added and the 
mixture was stirred and heated to reflux for 48 hours under a nitrogen blanket. 
On cooling, the organic product was extracted into dichloromethane and 
washed with water (3 x 30 ml). The organic layer was dried overnight over 
sodium sulphate and the solvent removed by rotary evaporation. Spectral 
analysis showed this to be unsuccessful in forming an alkyl bridge between 
two benzoxazine molecules.
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This method was repeated exchanging the base from K2CO3 to KOH with 
similar results.
2.2.3.25 Synthesis of PK route d/sbenzoxazine
Step 1 : Preparation of d/s(4,4’-formylphenoxy)ethoxyethane 
A 3-necked round bottom flask, equipped with a magnetic stirrer bar, 
thermometer and condenser was charged with 4-hydroxybenzaldehyde (15 g, 
0.1228 mol.), 1,2-b/s(2-chloroethoxy)ethane (11.4 g, 0.0614 mol.), potassium 
carbonate (33.9 g, 0.2456 mol.) and DMF (400cm^). The mixture was stirred 
and heated to reflux (about 110°C) for 48 hours and under a nitrogen blanket. 
The reaction mixture was left to cool to room temperature before extracting 
into dichloromethane and water added. The DCM/product layer was removed 
and the aqueous layer washed with DCM (3 x 25. cm^). The organic layers 
were combined and dried over sodium sulphate. The solvent was removed by 
rotary evaporation and reduced pressure to obtain a crude product. A light 
yellow crystalline solid was obtained in a yield of 15.58 g (70.81 %) by 
recrystallisation from warm diethyl ether and the product collected by filtration 
and dried in a dessicator with P2O5 under reduced pressure. (Calculated for 
C20H22O6, 67 %C, 6.19 %H. Found 66.105 %C, 6.315 %H)
Figure 2.25 S/s(4,4’-formylphenoxy)ethoxyethane structural assignments
FTIR (cm'"') 3000 (w, ph-H stretch), 2926 , 2854 (s/m, aliphatic C-H stretch), 
1695 (0=0 sym. stretch) 1577 (Ar. 0-0 stretch), 1317 (m, OH2 wag, 
benzoxazine), 1302 (s, 0-0-0 asym. stretch) 1256 (Ar.O-O-al.O st. asym.).
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1159 (C-O-C asym. stretch) 1061 (Ar.C-O-al.G st. sym) 1042 (0-0-0 sym. 
stretch)
NMR (ODOI3, ppm from TMS) 3.896 (t, 2H, Hy.s) 4.209 (t, 2H, He) 7.018 (d, 
2H, H4) 7.825 (d, 2H, H3) 9.878 (s, 1H, Hi)
NMR (ODOI3. ppm from TMS) 61.959 (08) 70.004 (07) 71.139 (06) 
114.846 (04) 128.794 (02) 132.141 (03) 163.998 (05) 190.973 (01)
Step 2: Preparation of d/s-(4,4’-formyloxyphenoxy)ethoxyethane 
A 3-necked round bottom flask, equipped with a magnetic stirrer, thermometer 
and condenser was charged with b/s(4,4’-formylphenoxy)ethoxyethane (10 g, 
27.9 mmol.), 3-chloroperoxybenzoic acid (MOPBA) (19.26 g, 111.6 mmol.) 
and DOM (800 cm^). The mixture was stirred at room temperature for 4 hours 
under a nitrogen blanket. A milky suspension was formed and the.resultant 
reaction mixture was treated with saturated (aq) NaH003 (500 cm^). After 
~2hours and when the effervescence had subsided, the DOM layer was 
collected and the aqueous layer washed with DOM (3 x 30 cm^). The organic 
layers were combined and washed with 10% Na2S203 (aq.) (3 x 30 cm^) 
followed by water (3 x 30 cm^), then brine (3 x 30cm^) and dried over sodium 
sulphate. The solvent was removed by rotary evaporation and under reduced 
pressure to obtain a crude product. A light yellow crystalline solid was 
obtained in a yield of 9.072 g (83.30 %) by recrystallisation from warm 
methanol and the product collected by filtration and dried in a dessicator with 
P2O5 under reduced pressure.
1
'O ' 'H
Figure 2.26 S/s-(4,4’-formyloxyphenoxy)ethoxyethane structural assignments
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FTIR (cm'^) 3065 (w, ph-H stretch), 2927 (s/m, aliphatic C-H stretch), 1737 
(0=0 sym. stretch) 1597 (Ar. 0-0 stretch), 1354 (m, OH2 wag, benzoxazine), 
1251 (Ar.O-O-al.O st. asym.), 1192 (Ar. 0-H in plane def. vib.) 1109 (0-0-0 
asym. stretch) 1063 (Ar.O-O-al.O st. sym) 950, 858, 793 (Ar.O-H out of plane 
def. vib.)
NMR (ODOI3, ppm from TMS) 3.850 (t, 2H, Hy.s) 4.113 (t, 2H, He) 6.917 (d, 
2H, H4) 7.019 (d, 2H, H3) 8.273 (s, 1H, Hi)
NMR (ODOI3, ppm from TMS) 67.931 (08) 69.815 (07) 70.875 (06) 
115.202 (04) 121.760 (03) 143.615 (02) 156.965 (05) 161.255 (01)
Step 3: Preparation of b/s-(4,4’-hydroxyphenoxy)ethoxyethane 
A round bottom flask, equipped with a magnetic stirrer, thermometer and 
condenser was charged with b/s-(4,4’formyloxyphenoxy)ethoxyethane (15 g, 
39.0 mmol.), NaOH (6.69 g, 156 mmol.), EtOH (250 cm )^ and water (100 
cm^). The mixture was stirred and heated to reflux (130 °0) for 24hours under 
a nitrogen blanket. The reaction mixture was left to cool to room temperature 
before neutralising with hydrochloric acid (3 M). The product was extracted 
with DOM (2 X 30cm^). The organic layers were combined and washed with 
water and dried over sodium sulphate. The solvent was removed by rotary 
evaporation and under reduced pressure to obtain a crude product, A light 
brown solid was obtained in a yield of 12.409 g (72.65 %) by recrystallisation 
in warm ethanol and water and the product collected by filtration and dried in 
a dessicator with P2O5 under reduced pressure. (Calculated for O18H22O6,
64.7 %0, 6.6 %H. Found 64.1 %0, 6.765 %H)
1 HO
Figure 2.27 S/s-(4,4’-hydroxyphenoxy)ethoxyethane spectral assignments
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FTIR (cm"') 3382 (Ar-OH st.) 3035 (w, ph-H stretch), 2926, 2876 (s/m, 
aliphatic C-H stretch), 1618 (Ar. C-C stretch), 1516 (Ar. C=C st.) 1378 (m, C- 
OH St. vib.), 1278 (Ar.C-O-al.C st. asym.), 1231 (Ar.C-0 st.) 1133 (C-O-C 
asym. stretch) 1049 (Ar.C-O-al.C st. sym) 950, 858, 793 (Ar.C-H out of plane 
def. vib.)
NMR (CDCIs, ppm from TMS) 3.704 (s, 1 H, Hi) 3.794 (t, 2 H, H/.s) 4.019 (t, 
2H, He) 6.681 (d, 2 H, H4) 6.772 (d, 2 H, Hs)
130 NMR (CDCIs, ppm from TMS) 68.195 (C6) 69.854 (C8) 70.552 (C7) 
115.637 (C4) 115.694 (C3) 151.350 (C2) 152.390 (C5)
Step 4: Preparation of b/sbenzoxazine
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis of b/sbenzoxazines, but using the following reagents; 
paraformaldehyde (1.129 g, 37 mmol.), aniline (1.409 cm'^ , 19 mmol.), b/s- 
(4,4’-hydroxyphenpxy)ethoxyethane (3.147 g, 9.4 mmol.). A yield of 4.950 g 
(92.3 %) was obtained as a tacky very viscous brown oil.
5
Figure 2.28 PK3 benzoxazine spectral assignments
NMR (CDCI3, ppm from TMS) 3.732 (t, 4H, His) 3.812 (t, 4H, H#) 4.020 (t, 
4H, Hi3) 4.561 (s, 2 H, He) 5.291 (s, 2 H, Hs) 6.573 (s, 1 H, He) 6.715 (d, 1 H, 
Hii) 6.743 (d, 1 H, H,o) 6.917 (t, 1H, Hi) 7.087 (d, 2H, H3) 7.234 (d, 2H, Hg)
NMR (CDCI3, ppm from TMS) 50.705 (C6) 68.305 (C13) 70.122 (Cl 5) 
71.080 (014) 79.748 (05) 112.689 (08) 114.954 (010)116.254 (07) 117.767
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(C11) 118.528 (C2 ) 121.675 (Cl) 129.509 (03) 148.669 (04) 150.115 (012)
153.074 (09)
2.2.3.26 Synthesis of 6,6’-Jb/s(3,4-dihydro-3-methyi-2H-1 j3-benzoxazinyi) 
(?)
Standard synthetic route
in the production of this material a similar methodology was adopted to that 
previously shown above, for the standard synthesis, but using the following 
reagents; formaldehyde aqueous solution (20.41 cm ,^ 0.2148 mol.), dioxane 
(80 cm^), methylamine (8.86 cm^, 0.1074 mol.) in dioxane (20 cm^), 4,4'- 
biphenol (10 g, 53.7 mmol.). A yield of 13.149 g (82.6 %) was obtained as a 
white solid. (Calculated for O18H20N2O2, 72.94 %0, 6.7 %H, 9.45 %N. Found 
72.37 %0, 6.8 %H, 7.8 %N)
H X. CH.
N — '
— 5
8 7
Figure 2.29 Structural assignment 6,6’-b/s(3,4-dihydro-3-methyI-2H-1,3-
benzbxazinyl)
FTIR (cm'"') 3035 (w, ph-H stretch), 2855 (s/m, aliphatic 0-H stretch), 1611 
(Ar. 0-0 stretch), 1578 (Ar. 0=0 st.) 1378 (m, O-OH st. vib.), 1285 (Ar.O-O- 
al.O S t. asym.), 1229 (Ar.0-0 st.) 1137 (0-0-0 asym. stretch) 1053 (Ar.O-O- 
al.O S t. sym) 975, 851, 744 (Ar.O-H out of plane def. vib.)
’H NMR (CDCI3, ppm from TMS) 2.623 (s, 3H, H,) 3.994 (s, 2H, Hz) 4.746 (s, 
2 H, Hs) 5.536 (s, 2 H, Hs) 7.226 (d, 1 H, Hs) 7.696 (d, 1 H, Hy) 7.713 (s, 1 H, Ha)
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NMR (CDCI3, ppm from TMS) 40.019 (Cl), 52.493 (02), 84.085 (03), 
115.869 (08), 116.872 (07), 120.112 (04), 128.089 (05), 133.694 (06), 
153.040 (09)
2.2.3.27 Synthesis of 6,6’-b/s(3,4-dihydro-3-ary!-2H-1,3-benzoxazinyl)
Solvent free synthesis
A similar methodology was adopted to that previously shown above, for the 
solvent free synthesis, but using the following reagents; paraformaldehyde (12 
g, 0.4 mol.), dioxane (80 cm^), aniline (18 g, 0.2 mol.) in dioxane (20 cm )^, 
biphenol (18.621 g, 0.1 mol.). A yield of 30.679 g (72.96 %) was obtained as a 
yellow powder.
Figure 2.30 6,6'-b/s(3,4-dihydro-3-aryl-2H-1,3-benzoxazinyl) structural
assignments
FTIR (cm'^) 3035 (w, Ph-H stretch), 2855 (s/m, aliphatic 0-H stretch), 1599 
(Ar. 0-0 stretch), 1578 (Ar. 0=0 st.) 1377 (m, O-OH st. vib.), 1297 (Ar.O-O- 
al.O St. asym.), 1236 (Ar.0-0 st.) 1152 (0-0-0 asym. stretch) 1030 (Ar.O-O- 
al.O S t. sym) 985, 839, 751 (Ar.O-H out of plane def. vib.)
2.2.4 Techniques used to examine thermal mechanical 
properties
A variety of techniques were utilised to assess the thermal and mechanical 
properties of the homopolymers formed from the monomers synthesised in 
the previous paragraphs.
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2.2.4.1 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry was undertaken using a TA Instruments 
2920, controlled by a Viglen computer running TA Q series Advantage 
software, on samples of 3.5 ± 0.5 mg in hermetically-sealed aluminium pans. 
Experiments were conducted at a heating rate of 10 K min"' (from room 
temperature to 300°C) under flowing nitrogen (40 cm^ m in '\ The sample 
was held isothermally for a further five minutes at this temperature to effect 
full cure before being cooled at 10 K min-1 from 300 to 20°C. A rescan was 
run at 10 K m.in'"' (25-300°C) to reveal glass transition temperature (Tg) for 
samples. The rescan was also run to confirm that full cure had been achieved 
under the initial scan conditions.
2.2.4.2 Dynamic Mechanical Thermal Analysis (DMTA) / Dynamic 
Mechanical Analysis (DMA)
Initial DMTA experiments were run on the Polymer Labs PLII with more 
advanced DMA experiments being run on the TA instruments Q800 DMA. In 
both cases powder clamps were utilised in the experiments. The powder 
clamps used were constructed from stainless steel and were supplied by Mr. 
John Gearing, of Gearing Scientific Ltd. They are supplied as a flat sheet of 
steel, with a groove cut vertically down the middle of the sheet, to allow it to 
be pinched together. Samples (15mg) were placed carefully in the powder 
clamp which was then pinched closed. The powder clamps were placed in 
vacuum oven to cure for 2hours at a temperature, which was chosen from the 
results of the DSC scans.
The powder clamps have a uniform thickness, of 0.7 mm, and width, of 9.5 
mm. Once in the clamp the length of the sample was measured and was 
found to be 20.7 mm for all samples. The samples were oscillated in a single 
cantilever clamp in a two-point flexural mode at a fixed frequency, of 40Hz 
while being scanned over a temperature range of room temperature (-30°G) 
to a maximum temperature of 300 °C, dependant on the samples degradation 
temperature (ascertained by DSC). The heating rate for DMA experiments 
was 10°C/minute and the samples were heated under a nitrogen atmosphere.
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2.2.4.5 Thermomechanical Analysis (TMA)
Thermal mechanical analysis experiments were run on TA instruments Q400 
Mfg-TMA utilising solid polymer samples produced using a PTFE mould. The 
typical sample thickness was measured as 1 mm ± 0.1 mm. Experiments 
were run in standard mode with an expansion probe, the applied force being 
0.02 N. The expansion of the samples was measured over a temperature 
range of room temperature (-30 ®C) to a maximum temperature of 250 °C, to 
prevent degradation of the sample damaging the probe. The heating rate for 
TMA experiments was 5 °C/minute and the samples were heated under a 
nitrogen atmosphere (flow rate of 50 mL/minute).
2.2.5 Hitachi tests
Polymer samples used by Hitachi for a number of thermal mechanical 
property testing were prepared as follows;
Samples were firstly dried at 160 °C for 10 minutes to remove excess solvent 
and volatile materials. The monomer was then settled in 50 x 40 x 1 mm 
spacer, made from PTFE, and cured at 180 °C for 1 hour, followed by another 
hour at 200 °C under 1 MPA using a press moulding machine, to ensure full 
cure. These samples were then machined to the appropriate size for the in 
house tests performed.
2.2.5.1 Fiexurai test
Performed at Hitachi Chemical Co. site, this experiment used polymer 
samples produced as described above but with the following dimensions;
50 X 25 X 1 mm. The head speed used for these tests was 1 mm/min, the 
span, i.e. the distance measured between supporting points, was 20 mm, and 
the temperature recorded as 25 °C. Each sample was run for these 
experiments in triplicate.
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2.2.S.2 Thermomechanical Analysis (TMA)
Performed at Hitachi Chemical Co. site, this experiment used polymer 
samples produced using the method described above with samples machined 
to the following dimensions: 6.35 x 6.35 x 1 mm. The test mode utilised in this 
work was an expansion mode, in the Z direction with a temperature ramp of 
10 'C/min
2.2.5.S Dynamic VIsco-Elastlclty test (DVE)
Performed at Hitachi Chemical Co. site, this experiment used polymer
samples produced using the method described above with samples machined 
to the following dimensions: 30 x 5 x 1 mm. The test method used in these
experiments was the Tensile mode (X -  Y) dimension, with the span being 20 
mm, a frequency of 10 Hz, and using a temperature ramp rate of 5 °C/min.
2.2.S.4 Dielectric properties test (Dk, Df)
The method used to test the dielectric properties of the polymer samples was 
the IPC standard method®. The dimensions of the polymer sample used in 
these tests was 30 x 30 x 1 mm, frequencies used were 1 MHz to 1 GHz at 
25 °C. The permittivity of the sample can be calculated using the capacitance 
measured and the effective area in square inches, determined by the 
diameter of the sample, and loss tangent^ calculated using the conductance.
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Chapter 3
Results and Discussion:
Synthesis and Characterisation
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3.1 Introduction
A wide variety of monomers have been prepared in this work by varying 
systematically the amine and diol used in the synthesis. These monomers are 
subsequently investigated as homopolymers (Chapter 4) to determine their 
thermal and mechanical properties. This chapter presents the rationale for the 
choice of synthetic procedure employed in this work, based on the 
experimental data. The experimental procedures used have been outlined in 
detail in the previous chapter (Chapter 2) and consequently the reader is 
directed there for more information.
3.2 Choice of solvent
In the course of this investigation two synthetic procedures, chosen from a 
variety of routes (Figure 1.1, Chapter 1), were used in the production of 
b/sbenzoxazine monomers. Initially the method, denoted in this work as the 
“standard synthetic procedure”, was chosen primarily due to the shear 
quantity of research literature citing it, most significantly by Ishida e ta l.\ This 
synthetic route is a two stage synthesis, in which the first step is the reaction 
of the amine with formaldehyde, which takes place in a solvent, to form a 
Mannich base. This is followed by the addition of the diol and subsequent 
cyclisation reaction, as shown in Figure 3.1.
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Figure 3.1 Formation of a benzoxazine via a Mannich base^
Investigation of the effects of different solvents on this synthesis has 
previously been undertaken by Ishida e ta l.\ who examined dioxane, TFIF, 
methanol and ethanol. Of these solvents dioxane was found to be most 
successful in the production of bifunctionally terminated monomers. The other 
three solvents produced a higher percentage of dimers and higher oligomers 
and, in the case of ethanol, a transparent-crosslinked-firm gel. Results 
suggest that as the solvent polarity increases the reaction between the 
benzoxazine structures and free phenols becomes easier, thus increasing the 
amount of polymerisation taking place. In the present work, the production of 
a high yield of pure monomer was preferred and consequently dioxane was 
chosen as the solvent used for the “standard synthetic procedure”.
3.3 Development of synthetic routes
The “standard synthetic procedure” was chosen as it was a popular method 
for which relatively high yields have been reported. However, it was found 
that this synthetic route did not perform well in the production of those 
b/sbenzoxazines incorporating aniline as the amine. The following spectrum. 
Figure 3.2, shows the product of the reaction of bisphenol A with aniline and 
formaldehyde in dioxane. It has clearly not formed a benzoxazine ring as the 
two CH2 peaks present in the heterocyclic ring are not present in the
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spectrum, normally appearing as two singlets between 4 and 6 ppm^. 
Furthermore, the aromatic region of the spectrum might be expected to be 
much more complex than is evident in Figure 3.2, as aromatic shifts from both 
the diol and the amine should be present.
The reaction takes place in two steps, as shown in Figure 3.1. The 
spectroscopic data suggest that the reaction has not proceeded past the first 
step, i.e. the production of the Mannich base, and that this intermediate 
(shown in Figure 3.3 over the page) arises from the reaction of only one 
formaldehyde group with the amine, instead of two. The washing stages of 
the procedure are sufficient to remove all un reacted diol from the sample 
leaving an intermediate behind, with a purity in excess of 90%.
PPM
Figure 3.2 NMR spectrum of the product from the standard synthetic route 
of the reaction of bisphenol AFe with aniline and formaldehyde
The product of this reaction is shown in Figure 3.3 and so the chemical shifts 
of the spectrum above. Figure 3.2, can be assigned as follows,
NMR (CDCI3, ppm from TMS) 4.884 (s, 2H, Hg) 6.862 (t, 1H, Hi) 7.018 (d, 
2H, Ha) 7.028 (t, 2H, Hg)
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The N -  H and 0 - H  protons do not appear on this spectrum as these 
protons are labile and so undergo fast exchange with deuterium atoms. Since 
these atoms have an even number of particles in their nuclei they will not 
be present in NMR spectra meaning that these chemical shifts will not be 
visible.
OH 6
Figure 3.3 Structure of intermediate arising from incomplete reaction, and
structural assignments
The spectral data suggest that, in the case of aniline, this intermediate forms 
and that the reaction does not progress any further, possibly due to the strong 
association of water, from the aqueous formaldehyde, with the aniline. Aniline 
readily forms hydrogen bonds with water via the hydrogen of the primary 
amine. On reaction of one mole of formaldehyde with the aniline the situation 
is made worse by the incorporation of another hydrophilic group, the alcohol, 
into the structure and so the water is so strongly associating with the 
intermediate that the probability of addition of another formaldehyde group is 
lessened. This effect can be seen more clearly in Figure 3.4.
Figure 3.4 Hydrogen bonding of intermediate and water
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The feasibility of this structure was investigated using molecular orbital 
calculations, with GuassView and Gaussian and the results supported the 
production of this intermediate, with a pseudo-six membered ring over the 
formation of the Mannich base, as shown in Figure 3.1, as the intermediate is 
more stable. This investigation is explained in detail in Chapter 5.
In an attempt to push the reaction to completion, the experimental conditions 
were modified. Thus, the reaction time between the aniline and formaldehyde 
was increased from 5 minutes to 2 hours and the reaction temperature was 
raised from below 10 "C to room temperature. Similarly, the time for reaction 
between the intermediate and the diol, i.e. the time spent under reflux 
conditions, was increased from 6 hours to 20 hours making the total time for 
reaction 22 hours.
PPM
Figure 3.5 NMR spectra of the products of the reaction of bisphenol AFe 
aniline, with expanded aromatic region, after longer experiment time
The spectrum in Figure 3.5 shows the peaks corresponding to the CH2 groups 
in the hetrocyclic ring at 4.6 ppm, N -  CH2 -  Ar, and 5.4 ppm, O -  CH2 -  Ar, 
but it also shows the peaks that correspond to the presence of the
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intermediate in the sample at 4.8 ppm and as smaller peaks within the 
aromatic region of the spectrum, which is expanded in the figure. It is clear 
that significantly increasing the reaction times of this experiment does results 
in producing the benzoxazine, but after 22 hours of reaction there is still a 
significant amount of the intermediate present in the sample.
In an effort to produce benzoxazines incorporating aromatic amines within a 
reasonable timescale an alternative route was used. This synthetic route, first 
reported"  ^and patented by Ishida’s research group, will be designated as the 
“solvent-free synthesis” in this work.
3.4 Comparison of synthetic routes
Both the solvent-free synthesis and the standard synthesis were used to 
produce a b/sbenzoxazine from the reaction of bisphenol AFe with aniline and 
formaldehyde to compare the efficiency of the reaction and the purity of the 
product. The standard synthetic route took a total of 24 hours to complete {i.e. 
the reaction time was 20 hours with 4 additional hours for work up of the 
product). The solvent-free synthesis took a total of 4 hours to complete {i.e.
30 minutes for the reaction to take place and an additional 3 hours for the 
work up of the product). Shown in Figure 3.6 is a comparison of the aromatic 
region of the products of these reactions.
In these spectra the aromatic region is quite complex, with multiple peaks 
appearing in the same area having an effect on, and in some cases 
overlapping with, other chemical shifts. In all cases the chemical shifts have 
moved from the standard 7.26 ppm of the single chemical shift found in the 
spectrum of benzene (in ppm relative to TMS) due to the effects of the 
substituent groups on the aromatic rings. The degree to which these groups 
have an effect on the chemical shifts of individual protons differs greatly as to 
whether the substituents are in ortho, meta or para positions. This is 
demonstrated well by the protons of the aromatic ring, of the aniline before 
reaction. In benzene the protons on the aromatic ring would be identical and 
so would produce a single peak at 7.26 ppm. On addition of one substituent
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to this compound, simplified as N(CH3)2, the chemical shifts are affected as 
shown in Table 3.1.
7.35 7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95 6.90 ppm
Figure 3.6 Comparison of aromatic regions of NMR spectra for products from 
standard (blue) and solvent free synthesis (black)
In the case of the aromatic rings of the diol, once a benzoxazine has been 
produced, there are three substituents whose effects on the chemical shifts 
need to be taken into account.
Table 3.1 Effect of substituents on chemical shifts of benzene (in ppm 
relative to TMS)®
X
ôhii = 7.26 + Zi
Substituent X Z2 Z3 Z4
- N(CH3)2 -0.67 -0.18 -0.66
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The assignments shown on Figure 3.6, for the solvent free synthesis, can be 
explained as follows;
The peak at 6.8 ppm appears to be a doublet, at 6.8 ppm, with a triplet 
overlapping it. The doublet corresponds to the hydrogen labelled as Hy. It has 
some evidence of shouldering due to the mefa-coupling occurring between 
this proton and the proton on the opposite side of the aromatic ring (He), this 
can be seen more clearly on the spectrum for the standard synthetic product. 
This peak exhibits some roofing towards the downfield area of the spectrum 
suggesting that it is coupled to protons whose chemical shifts feature in this 
region of the spectrum. The triplet that appears overlapping this peak is likely 
to arise from the presence of un reacted aniline in the sample.
The peak at around 7.0 ppm is a well defined triplet. There is a small amount 
of roofing towards downfield, suggesting coupling with protons producing 
peaks in this region. This peak can be assigned to the hydrogen labelled as 
H2, which is one of the protons on what was, before reaction, the aniline ring. 
The peak at 7.06 ppm is a singlet which can only correspond to the hydrogen 
labelled as He as it has no neighbouring protons. This peak is quite broad as 
there is some mefa-coupling between this proton and the one on the opposite 
side of the aromatic ring. It would normally appear as shouldering on the peak 
but in this case has effected a broadening with some slight shouldering 
instead.
The peak at 7.13 ppm is a doublet which is roofing in an upfield direction. This 
peak can be assigned to the hydrogen labelled as H3, which is contributed by 
the aniline ring in the reaction. It is roofing up field due to the coupling of this 
proton with its neighbouring proton (H2), which is giving rise to a chemical 
shift at -7.0 ppm. The doublet is broadened due to the mefa-coupling within 
the ring.
The last two protons in the aromatic region of the spectrum are very close in 
chemical shift. The multiplet at -  7.3 ppm can be split into two, one doublet at 
-  7.285 ppm and a triplet, slightly downfield, at 7.31 ppm.
The doublet, assigned to Hs, is roofing up field due to coupling with H?, 
appearing significantly up field at 6.8 ppm. These two peaks are so far apart 
due to the differing effects of the groups on the aromatic ring. For example
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the SO2 group will have a different affect on the two groups depending on 
whether it is in the ortho or meta position. In both cases the SO2 group will 
have an electron donating effect causing the chemical shift to move upfield, 
from the standard 7.26 ppm, but it will be more pronounced when the group is 
in the ortho position, so for Hy. Also the effects of the -  OCH2 and -  CH2N 
groups need to be taken into account.
The triplet, at 7.31 ppm, is assigned to the final proton, Hi. This chemical shift 
is also roofing up field due to its coupling with H2, appearing at ~ 7.0 ppm.
The spectra are very similar in appearance and both contain peaks 
corresponding to the presence of a b/sbenzoxazine along with a smaller 
amount of the intermediate, appearing as a triplet at 6.9 ppm, a doublet at
7.06 ppm and another triplet at 7.24 ppm. The intensities of these peaks differ 
in that there appears to be a smaller percentage of this impurity in the 
spectrum for the solvent free system than in the standard synthesis. It is clear 
from these results that both routes can be successful in the production of a 
b/sbenzoxazine, however on comparison of the two routes the solvent free 
synthesis is preferred to the standard synthetic route in this work. This is due 
to a number of reasons. Firstly, as stated above, the time saved using the 
solvent free synthesis is significant. A reaction time of 30 minutes as opposed 
20 hours is a huge advantage, also the energy saved from reducing the 
reaction time is a benefit of this route, and contributes to it being a cleaner 
experiment. Removing the solvent after the reaction is complete is no longer 
an issue, further reducing the time taken by this experiment. Dioxane, which 
is the solvent used in this work, poses toxicity risks® which can be avoided.
In the preparation of a benzoxazine in a solvated system the reactants 
typically comprise of about 10 percent by weight of the components present in 
the vessel, which accounts for the reaction taking hours to complete as the 
possibilities for reaction to take place in this medium are reduced due to the 
low local concentration. In contrast, in the solvent free process the reactive 
components comprise 100 percent of the mixture, making it possible to carry 
out the reaction in minutes rather than hours^.
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3.5 Comparison of observations
A large number of b/sbenzoxazine monomers have been prepared in the 
course of this work. For ease of comparison some of the results of the 
syntheses have been tabulated (Table 3.2).
Some of these experiments recorded here have been repeated under 
different conditions, i.e. using both synthetic procedures. Therefore the best 
sets of results have been included in this table, which were typically taken 
from the solvent free synthesis. These synthetic routes have been compared 
earlier in this chapter.
The data recorded in the table are varied and are based on actual qualitative 
analyses and also observations, based on molar quantities, made during the 
preparation of these materials.
In all cases the yield is shown as the percentage yield which is calculated as 
follows.
r
Percentage yield =
Experimental yield^ 
Theoretical yield
X 100
The purity is also represented as a percentage. This value is calculated using 
proton NMR spectra and as such cannot be taken as an absolute value. It is 
possible to determine the ratio between the number of methylene units 
present in the benzoxazine ring, which have very clear peak signals at around 
4 and 5 ppm, and the number of methylene units existing in the bridge 
structures, with a chemical shift at ~ 3.5 ppm. By using the integrated 
intensities of these resonance peaks it is possible to estimate percentage of 
pure monomer. Also taken into account, in a similar fashion, are the relative 
amounts of other impurities in the spectrum, e.g. starting material, and the 
nature of these impurities in the sample is identified in the table after the 
estimated percentage, see key overleaf.
The solubilities quoted in the table are not quantitative values. Materials 
quoted as soluble mean that the monomer was soluble enough that -200 mg
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of sample dissolved in 2 cm® of the solvent such that there was no visible 
precipitate.
The states recorded in the table are the physical state of the monomer. Each 
state is described in terms of its colour and other physical characteristics.
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
\ 0
E \ II
a \ 0
c
3 IICO i
CO 0
CD c
CD CT 3
0 CD CD
3-
SU 3 ' o_
" a m p .’
CD
a 0
ro 0
3CO jD Q.CD C
g . 3 a
0 CD
3 3" m
DO SU3ro 0 IIto
DO SU3 3Ul sa. o '
0 00
œ CO
à p Q
■0
3"
CD
\
\
3 '
CD
3 ■a
0 0CO
i'S ' 0
0 c CD
O '
z .
CT
CD
Q . CO
CQ 0
a 3 c
CD (T
3 T
DO SU
DO 3g _ 5T
CT su
CT
CD
■ o ' 3 CO
z r Q .
CD
3 0
0
CO \
3
0 P \
CT \
II
3. CO
CL II 0
CQ CO c
& 0 CT
c CD
CT
CD 3
0
3 ' 3 "
0 0
CO 1
0 3
0
3
CD
X 0
3
m
3 '
CO 30 CD
c
CT 3 "SU
CD 3
0
T 1 SU
0 3
Q .
T l 0
S
0
3■D
C
I
CO
COo
3
Q .
3'(D
(Q
3"
CDp.
(/)
II
i
3.
Cf)
II
B.
ci
3
g
3.
g
I
CO
CD
<
II
1
o
e
"g
3 '7T
00
O '
I
Amines used in synthesis (NH2 -  X), where X =
-<
■<
00
CO
00
01
o
00
CO
g
o '(O
c(O
ÿ
O’
(D
CO
ÎO
?
c
3
c
CD
C L
8
C
0)
3
Q.
O
CD
O
3
CO
o
3
D)
CO
CD
i ‘
3
I
8
œC3
87
For the most part, there does not seem to be much of a trend in the yields 
obtained when looking comparing the monomers by diol. There does seem to 
be a slightly higher yield for the b/sbenzoxazine monomers produced from 
bisphenol T, with a thio ether bridge between the aromatic rings. These 
materials are produced in a consistently high yield for each of the amines 
used. Similarly, at the other end of the scale the bisphenol which seems to 
produce the lowest yielding products with the greatest consistency is 
bisphenol S, the corresponding sulphone. The yield of the benzoxazine 
produced from the reaction of methylamine with bisphenol S is particularly 
low, but this material was produced using the standard synthetic route and 
might be expected to have a lower yield.
Taking a closer look at the thio ether derivatives, the lower yield of product is 
combined with much lower purity. For all four amines recorded here the 
monomers contain impurities due to starting material and, from NMR spectra, 
these can be assigned to the presence of the corresponding diol in the 
samples. The sulphone group will have an electron withdrawing effect on the 
aromatic rings and will deactivate the aromatic ring towards substitution due to 
destabilisation of the intermediate arenium ion®. As such, the reaction is less 
likely to occur thus decreasing benzoxazine formation and increasing the 
amount of starting material still present in the sample.
The presence of the thio ether bridge in these samples will also have the 
effect of reducing the solubility of the materials, as observed with the 
benzoxazines formed from allylamine and benzylamine. Of the solvents 
attempted in the solubility testing, bisphenol S was soluble only in DMSG and 
this limited solubility is reflected in the samples still containing bisphenol S as 
an impurity.
The monomers described as ‘ductile’, (Z = S, X = CH3, aniline, etc.) are glassy 
semi-solids which can be drawn into fine strands. They can be crushed into a 
powder but if left will revert into the bulk. These materials are likely to have a 
very low softening temperature and on the application of heat to these 
samples will flow easily, but cool rapidly to a glassy state. The common 
feature seems to be that they all contain oligomeric material as an impurity in 
the sample. It is likely that this contributes to these materials being unable to
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achieve higher crystallinity as not only are the oligomeric impurities bulky, but 
will have pendant -  OH groups within their structures due to the ring opening 
reaction. Increased hydrogen bonding might account for the different nature of 
these materials.
The colours of the monomers seem to vary a great deal. In most cases the 
colour of the monomer remains the same as the diol starting material or ends 
a shade darker, i.e. goes from white to yellow, yellow to brown, etc. The 
colour can also be affected by the impurities in the sample, so a monomer 
containing aniline as an impurity would be light brown in colour.
3.6 Comparison of FTIR spectra
The infrared spectra of b/sbenzoxazine products are not particularly useful in 
the characterisation of these materials beyond a basic identification. The 
peaks that will be produced by the starting material, intermediate materials 
and dimers and oligomers are also present in the benzoxazine and so from 
FTIR spectra one cannot get a good idea of the purity of the sample, or the 
nature of the impurities within it.
The vibrational spectra of benzoxazines are very complicated and not easily 
assignable and moreover, very little literature exists that can aid in the 
assignment of the vibrational spectra of these molecules. However, two 
papers were particularly useful in making the assignments discussed in the 
text overleaf®’ ®^.
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Figure 3.7 Comparison of the FTIR spectra from selected benzoxazines 
produced from the reaction of bisphenol A with a variety of amines (Blue = 
methylamine, green = aniline, red = benzylamine)
In Figure 3.7, the FTIR spectra for the bisbenzoxazines produced from 
bisphenol A, with a variety of amines, are compared. All three spectra were 
run as nujol mulls, which will produce some bands which will overlap with 
some of the bands of the sample, for example at ~ 2800 -  3000 cm'  ^ one can 
find the bands for 0 -  H in nujol along with the aliphatic and aromatic 0 -  H in 
the benzoxazine. The structures of these materials are all very similar in 
nature, the most significant peaks on all of the spectra are those proving the 
formation of a benzoxazine ring, even if that ring has subsequently ring 
opened to form an oligomer. The band corresponding to the presence of the 
0 -  N -  0 asymmetric stretch will be present only in the benzoxazine and can 
be found at 1070 -  1200 cm'^, the symmetric stretch for this group can be 
found in all four spectra at 800 -  860 cm '\ Similarly, the bands for C -  O -  C 
stretching can be found in all four spectra, at ~ 1200 cm'^ for the asymmetric 
stretch and ~ 1030 cm'  ^ for symmetric stretch.
Figure 3.7 shows the effect on the FTIR spectrum of changing the nature of 
the amine used in the reaction whilst keeping the diol the same. The spectra 
are very similar in appearance as the amines used contain no different
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functional groups that will lead to significant differences in the bands 
expected.
Figure 3.8 shows a comparison of three FTIR spectra from benzoxazines 
produced using the same amine, methylamine, but varying the diol used in 
each reaction. Once again, these spectra look very similar in appearance, the 
only significant differences are the addition of peaks in the fingerprint region of 
the spectra, which are combination bands produced by the bridging unit 
between the aromatic rings in the diol.
1C77
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Figure 3.8 Comparison of the FTIR spectra taken from benzoxazines 
produced from the reaction of methylamine with a variety of diols (Blue = 
BisAFe, green = BisS, red = BisA)
From these results it is clear that the FTIR spectra can be used to ascertain 
whether a benzoxazine has formed by looking for the bands corresponding to 
the presence of 0 -  O -  0 and 0 -  N -  0 in the structure as a quick screening 
technique to see whether reaction has taken place.
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3.7 Comparison of NMR spectra
The proton NMR spectra of the monomers are very useful in the 
determination of the structure of the material and also in the determination of 
the purity and the structure of any impurities present in the sample. A 
detailed description of the assignments of peaks in the aromatic region of a 
spectrum, 6 - 8  ppm, is given above, in section 3.5. In a typical NMR 
spectrum of a b/sbenzoxazine the two singlets corresponding to the 
presence of the CH2 groups in the benzoxazine ring should be present 
between 4 and 6 ppm. Figure 3.9 shows the upfield region of the NMR 
spectrum of BisA-m benzoxazine omitting the aromatic region.
4.5
U L -J i
11
4.0 3.5 3.0 2.5 2.0 PPM
Figure 3.9 Expanded spectrum of BisA-m benzoxazine
The peaks can be assigned as follows: the peak at ~1.5 ppm which can be 
assigned to Hi, the -C H 3 groups of the isopropyl bridge, the peak at ~ 2.5 
ppm is believed to be due to Hn, the N -  CH3 protons, the small quartet at 3.5 
ppm is due to the presence of diethyl ether in the sample. The peak at 3.7 
ppm can be attributed to the presence of dioxane in the sample, as this
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benzoxazine was produced through the standard synthetic route; while the 
final peaks at 3.89 and 4.75 ppm can be assigned to the CH2 protons in the 
benzoxazine ring. The peak at 3.89 ppm corresponds to H3, the protons of the 
CH2 group between the aromatic ring and the nitrogen, with the peak at 4.75 
ppm corresponding to H2, the protons of the CH2 group between the oxygen 
and the nitrogen in the heterocyclic ring^\ The functional groups around the 
heterocyclic ring will have a strong deshielding effect on the protons of the 
CH2 groups, shifting the peaks downfield significantly from the typical position 
for CH2 protons, which is around 1.42 ppm^^ in cyclic hydrocarbons e.g. 
cyclohexane. The proton between the oxygen and the nitrogen will be shifted 
further downfield than the other due to the stronger deshielding effect of the 
oxygen in comparison to the aromatic ring, the nitrogen having the same 
effect on both.
The positions of the shifts arising from the benzoxazine ring can be quite 
significantly different from benzoxazine to benzoxazine as these protons are 
affected by the change in the functional groups around it, which differ with diol 
and amine used in the synthesis. Figure 3.10 shows a comparison of the 
NMR spectra for benzoxazines produced using bisphenol A and a variety of 
amines to investigate the effect of the pendant group on the nitrogen on the 
positions of the CH2 peaks on the spectra, and the data are summarised in 
Table 3.2.
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
93
5.0 4.5 4.0 3.5 3.0 2.5 ppm
Figure 3.10 Comparison of NMR spectra for investigation of the effects of 
amine on peak positions of GH2 protons (amine = methylamine, allylamine, 
benzylamine, aniline)
The shift corresponding to the CH3 groups in the isopropyl bridge of the 
benzoxazine appear consistently at 1.59 ppm and this singlet does not shift 
more than ± 0.01 ppm. The protons of this peak are too far removed from the 
heterocyclic ring to be affected significantly by the variation in the amine used 
in the reaction and so there is no shift observed in either direction, and so this 
chemical shift is not shown in this figure. In all four spectra there are 
differences observed in this region of the spectra due to addition of more 
functional groups, for example in lowest spectrum (black), where the amine is 
methylamine, a peak at 2.59 ppm is observed corresponding to the protons of 
the GH3 group, in the next lowest spectrum (blue), where the amine is 
allylamine, a number of additional peaks are observed, for example at 3.13 
ppm corresponding to the N -  GH2 - GH protons.
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The aniline group (green) seems to have the greatest effect on the chemical 
shifts of the CH2 protons. The nitrogen will already have a deshielding effect 
on the protons as nitrogen being more electronegative than carbon, the 
electron density around the ethyl protons will be significantly less than the 
electron density of the hydrogens in tetramethylsilane (TMS), to which all 
chemical shifts are referred. On the addition of an aromatic ring to the nitrogen 
the electron density around the protons will be even further reduced as the tt 
cloud of the aromatic ring exerts an increased deshielding effect.
The benzylamine (red) and allylamine (black) seem to have a very similar 
effect on the chemical shifts of the CH2 groups. In both cases the deshielding 
effect of the nitrogen is increased by the functional group attached to it, in 
benzylamine the aromatic ring is one CH2 group removed from the nitrogen 
however so the effect is reduced. In the case of allylamine the CH2CH = CH2 
group on the nitrogen will have an electron withdrawing effect as the electron 
density around the double bond will be increased, but similar to the 
benzylamine, this effect is one CH2 group removed from the nitrogen and so 
deshields the protons of the heterocyclic ring to a lesser extent.
Table 3.3 Summary of the chemical shits (ppm) of the CH2 groups of the 
heterocyclic ring with change in amine
Methylamine Aniline Benzylamine Allylamine
N — GH2 — 0 4.75 5.32 4.82 4.82
N — GH2 — Ar 3.89 4.57 3.92 3.94
The differences in chemical shift are less significant when comparing the 
effect of changing the middle bridge unit of the benzoxazine rather than 
altering the amine used in reaction. Figure 3.11 shows the shifts in the CH2 
peaks and the data are summarised in Table 3.4.
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Figure 3.11 Comparison of the NMR spectra for the investigation of the effect 
of diol bridge unit on the chemical shifts of CH2 protons (diol = Bisphenol A, 
Bisphenol S, Bisphenol AFe, DHAMS, Bisphenol T, DHPE, 4,4’-Biphenol)
Table 3.4 Summary of the chemical shifts of the CH2 groups of the 
heterocyclic ring with change in diol bridging unit
BisA BisS BisAF 6 DHAMS BisT DHPE 4,4’Biph
N - C H 2 - 0 4.75 4.88 4.81 4.81 4.77 4.76 4.82
N — CH2 — Ar 3.89 4.01 3.93 3.98 3.89 3.91 4.02
The trend for effect on the chemical shift of the bridge group is as follows; Bis 
S > 4,4'- Biphenol > DHAMS > BisAFe > Bis T > DHPE > Bis A, with the Bis S 
group having the most effect using the chemical shift of bisphenol A 
benzoxazine as the point of comparison. The downfield shift of these peaks 
follows the trend of increasing electronegativity of the bridging group. The 
sulphonyl group of the bis S diol will have a higher electron withdrawing effect 
on the TT cloud of the aromatic rings, increasing the electron withdrawing
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effect of the rings and subsequently the oxygen and nitrogen bonded to it, 
thus increasing the deshielding effect of the protons in the heterocyclic ring. 
The lack of a bridging group in the 4,4’ -biphenol monomer means that the 
two aromatic rings are connected directly, increasing the conjugation of this 
material so that electron density can be delocalised from one ring to the other. 
This will have a greater electron withdrawing effect and so increase the 
deshielding of the CH2 protons, shifting them slightly downfield. The double 
bond across the bridging group of DHAMS will increase the conjugation over 
the entire structure, connecting the tt  clouds of the two aromatic rings, while 
the bis AFe, with a hexafluoroisopropyl bridging group will undergo a similar 
effect, deshielding the protons to a lesser extent.
The chemical shifts of the heterocyclic ring protons do not differ by more than 
0.13 ppm in the case of changing the bridge unit compared to a difference of 
0.57 ppm with the change in amine. This is due to the proximity of the 
heterocyclic ring from the bridge unit diminishing the effect of the functional 
groups. The protons most affected by the change in diol bridge unit are the 
aromatic protons of the diol. This can be seen in Figure 3.12, where the 
aromatic regions of the spectra of six structures are examined. The amine 
used in these structures is methylamine to avoid the complication of additional 
aromatic protons in the spectra.
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Figure 3.12 Comparison of the NMR spectra for the investigation of the effect 
of diol bridge unit on the chemical shift of aromatic protons (diol = Bisphenol 
A, Bisphenol S, Bisphenol AFe, DHAMS, Bisphenol T, DHPE, 4,4’-Biphenol)
The nature of the bridging group has a significant effect on the chemical shifts 
of the aromatic protons and it once again follows the pattern of the most 
electronegative groups causing greater downfield shifts of the chemical shifts 
of these protons. This can be seen more easily in the comparison of the 
chemical shifts in Table 3.5. For each of the three protons of the aromatic ring 
the trend for increasing effect on chemical shift is different. The effect of the 
CH2 -  N and O -  CH2 groups will remain constant, although it will have a 
different effect on each of the protons, with change in diol that effect will be 
the same.
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Table 3.5 Comparison of effect of diol bridge unit on the chemical shifts of 
aromatic protons
H X CH,\
(
N
O
56
where Y = the diol bridging group.
Proton
Diol bridging unit (Y = )
Bis A BisS BisAFe DHAMS DHPE BisT Biphenol
4 6.81 7.61 7.01 6.95 6.703 6.97 7.11
5 6.96 7.67 6.74 6.79 6.743 6.72 7.27
6 6.68 6.85 7.08 7.11 6.743 7.09 6.82
spectrum taken in de-acetone
In the case of H4, which on the NMR spectra will appear as a singlet, the 
majority of the chemical shifts are in an upfield direction, relative to the 
position of aromatic protons in benzene, where there is no substituent group 
effect. The only exception to this is where the diol used in the monomer is 
Bisphenol S, which is shifted ~ 0.3 ppm downfield. On this particular proton 
with the bridging unit in the ortho position of the aromatic ring, the group which 
is predicted, wathe substituent additivity Table 3.6, to have the greatest effect 
on the chemical shift is the SO2CH3 group, which is used as a model for the 
Bisphenol S bridging group. This is consistent with the results obtained as this 
proton’s signal is shifted significantly downfield, to a higher ppm than those 
observed in benzene (at 7.26 ppm). Similarly, at the other end of the scale, 
the proton shifted to the highest upfield position out of those displayed in 
Figure 1.12 is that of the monomer produced from DHPE, where the bridging 
group in position Z2 of the additivity table, is -  O -  phenyl.
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For the other diols used in the synthesis the predicted trend for chemical shift 
follows;
BisS > biphenol > BisAFe > BisA > BisT > DHAMS > DHPE 
Shifted furthest downfield -> shifted furthest upfield (relative to 7.26 ppm)
This is reasonably similar to the experimental trend observed, which is as 
follows;
BisS> biphenol > BisAFe > BisT > DHAMS > BisA > DHPE 
Shifted furthest downfield -> shifted furthest upfield (relative to 7.26 ppm)
The only break from the predicted trend is in the placement of BisA, BisT and 
DHAMS. This could be due to poor representation of the bridging functional 
group in the prediction to the actual functional group found in the diol. In both 
BisA and DHAMS the functional group is simplified to a model that can be 
found easily in substituent additivity tables, as few literature values exist for 
these substituents. The C(CH3)2 -  phenyl group for BisA is simplified to 
C(CH3)3 and the replacement of the phenyl group with a CH3 group seems to 
have a significant effect on the chemical shift exhibited. The C(CH3)2 group 
will have a slightly electron withdrawing effect on the protons of the aromatic 
ring, shifting the peak in an downfield direction, adding a phenyl group seems 
to increase this effect such that the chemical shift is observed further 
downfield. This is exemplified by the chemical shift observed in the biphenol 
monomer, which is shifted + 0.22 ppm in a downfield direction, removing the 
aromatic ring by adding a C(CH3)2 between it will diminish this effect 
somewhat, but it will still impose some effect on the chemical shift.
With the DHAMS monomer the CHC(CH3) is substituted by the much simpler 
CH2CH3 residue. This substituted group does not contain the double bond 
found in the stilbene bridging group found in DHAMS and so the chemical 
shifts predicted by using this substitution are very inexact estimates. The 
prediction is that the bridge group will have an electron donating effect on the 
aromatic ring, to the proton in the ortho position on the ring and this seems to
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
1 0 0
be accurate as the position of this chemical shift, at 6.95 ppm, is upfield from 
the typical position of aromatic protons, 7.26 ppm, but the extent of this effect 
is underestimated by the prediction.
Table 3.6 Effect of substituents on Chemical shifts of approximate 
functional groups^
a5 H|' = 7.26 + Zr
Substituent Y Z2 Z3 Z4
— C(GH3)3 + 0.03 -0.08 - 0.20
— SO2GH3 + 0.68 + 0.35 + 0.39
— GF3 + 0.19 -0.07 0.00
— GH2GH3 -0.14 -0.05 -0.18
-  0  -  phenyl -0.34 - 0.04 -0.28
-  S -  phenyl -0.06 - 0.20 -0.26
-  phenyl + 0.22 + 0.06 -0.04
For the proton in position Hs, shown in Table 3.5, the predicted chemical shifts 
show much less correlation with the actual experimental data. The trend from 
furthest downfield shift to highest upfield shift (relative to 7.26 ppm of standard 
aromatic protons) is as follows;
BisS > Biphenol > DHAMS > DHPE > BisAFe > BisT > BisA.
The predicted trend will remain the same as for H4, as this proton is in the also 
ortho to the bridging functional group however the impact of the other 
substituent groups, the GH2 -  N and O -  CH2 group, on the aromatic ring will 
have a different impact as they will have changed from being ortho and meta 
to the proton in question to being meta and para.
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In the final proton, He, of this aromatic ring the predictions according the 
additivity Table 1.6 do not conform to actual experimental data. Table 1.5 
column Z3, at all.
3.8 Comparison of ^^ 0 NMR spectra
NMR spectroscopy can be useful in investigating the structures of 
benzoxazines when coupled with ^H NMR spectroscopy. Chemical shifts in 
the ^^C spectra were calculated using substituent additivity tables'^ and 
relevant literature sources^^ and Table 3.7 shows the estimated positions of 
the chemical shifts of 6,6'-b/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane along with the experimental and literature values "^ .^ 
The estimation of chemical shifts calculated using substituent additivity tables, 
the functional groups affecting the chemical shifts needed to be simplified to 
reduce the complexity of the formula. There are very few data available in the 
literature specific to chemical shifts arising from the groups found in 
b/sbenzoxazines. As such, the functional groups were simplified as follows in 
Figure 3.13:
(CH,)„NHX
3/3
Figure 3.13 Simplification of functional groups for chemical shift predictions
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Table 3.7 NMR assignments for 6,6'-b/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane
H 3C
8 7 Ç
/C H 3
Carbon Estimated Observed Literature^^
39.7 39.83 40
2 a 92.4 83.73 91
3 = 57.4 53.38 56
4" 129.3 126.17 128
5" 124.1 125.28 124
6 ^ 143.0 142.97 142
r 123.5 125.51 124
113.7 115.74 115
9° 156.3 151.49 152
lO'" 40.8 41.69 42
30.7 31.18 31
® taken from reference  ^calculated using substituent additivity tables^\
 ^values taken from NMR spectra of start material, bisphenol A,^ ®.
The chemical shifts for these functional groups are readily available for 
aromatic materials and so the estimated shift could be calculated using the 
data displayed in Table 3.8. Of the simplified functional groups the exchange 
of C(CH3)3 for the isopropyl bridge between the two aromatic rings is the least 
representative. The CH3 group in place of the phenyl group, which is actually 
present in this material, will make the estimation less accurate as a CH3 group 
will have an electron donating effect on the aromatic ring leading to an upfield 
chemical shift where an electron withdrawing group, such as an phenyl group, 
will have a deshielding effect on the carbons leading to a downfield shift. For 
this reason the estimates for these chemical shifts are not particularly
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accurate but still seem to be correct, for this b/sbenzoxazine, to within ± 5 
ppm.
Table 3.8 Effect of substituents on Chemical shifts (in ppm relative to 
TMS)
Substituent X Zi Z2 Z3 Z4
CH2N(CH3)2 7.8 0.5 -0.3 -1.5
OCH3 33.5 -14.4 1.0 -7.7
C(GH3) 18.6 -3.3 -0.4 -3.1
For b/sbenzoxazines produced from alternative diols the bridging unit is 
altered correspondingly. For many of the monomers produced, the bridging 
group could be simplified relatively easily and the chemical shifts predicted. 
However, as seen with the proton NMR estimations, in some cases, most 
notably the stilbene bridging group of the DHAMS benzoxazine (-CHC(CH3)-) 
there are no literature values available that accurately represent the chemical 
shifts affected.
In common with the proton NMR, the presence of higher oligomer in the 
sample can be detected using ^^ C NMR spectroscopy. Figure 3.14 shows the 
^^ C spectrum of 6,6'-b/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane, peaks assigned in Table 1.7. The two additional 
chemical shifts at 56.69 and 60.49 ppm can be assigned to the carbons of the 
CH2 heterocyclic ring once it has undergone a ring opening reaction, as a 
prequel to polymerisation^"^. The chemical shift at 155.76 ppm can be 
assigned to the C -  OH carbon of the aromatic ring also produced on the ring- 
opening reaction. The remaining carbons from the dimeric/oligomeric material 
will fall in roughly the same positions as in the monomer as the environments 
of these carbons does not change as significantly as the heterocyclic ring.
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Figure 3.14 NMR spectrum of 6,6'-b/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane
In NMR spectroscopy the affects on the chemical shifts, due to the 
differing substituents on an aromatic ring are significantly larger than those 
seen in NMR spectroscopy. This results from the larger range over which 
the chemical shifts appear and, as such, there is less overlapping of 
peaks to complicate assignments. This makes it easier to assign the chemical 
shifts arising from the carbon atoms in aromatic rings, which overlap and 
merge to form complex multiplets in proton NMR. For example, in the 
assignments of the carbon atoms present in the aromatic region of the 
NMR spectrum of 6,6'-b/s(3,4-dihydro-3-aryl-2H-1,3-benzoxazinyl)isopropane 
there are ten aromatic carbons in the structure but each carbon can be 
assigned to a separate chemical shift of the spectrum shown in Figure 3.15.
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Figure 3.15 Expanded aromatic region of the NMR spectrum of 6,6'- 
jb/s(3,4-dihydro-3-aryi-2H-1,3-benzoxazinyl)isopropane
The assignments of the chemical shifts are as shown in Figure 3.15 and the 
remaining peaks on the spectrum arise from impurities in the sample, 
specifically the un reacted diol.
The chemical shifts arising from the pendant aromatic ring on the nitrogen, 
formerly aniline before reaction, have not altered significantly from those 
present in the starting material, as shown in Table 3.9. Carbons 1 and 2 have 
not altered in position, however 03 and 04 are shifted slightly downfield. This 
is due to the proximity of these carbons to the new functional group, originally 
an -  NH2 group becoming an -  N(OH2)2 group on reaction.
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Table 3.9 Chemical shifts of aromatic carbons in aniline and after reaction to 
form the benzoxazine
01 02 03 04
Aniline^^ 118.39 129.26 115.07 146.51
Benzoxazine 118.03 129.27 120.09 148.52
A similar effect is observed in the case of benzylamine used in the reaction. 
The chemical shifts arising from the aromatic carbons, in this case, are not 
shifted at all by the exchange of an NH2 group for an N(CH2)2 group. The CH2 
group between the aromatic ring and the nitrogen is, however, significantly 
shifted downfield from its position at ~ 46 ppm^^ to 55.9 ppm.
3.9 Conclusions
It has been found in the course of this work that while the standard synthetic 
route, popular for the production of benzoxazines, can be used to successfully 
synthesise some b/sbenzoxazines it is less successful in the production of 
monomers incorporating an aromatic amine into the structure. Alterations can 
be made to this synthetic route to push the reaction to completion, however, 
this significantly increases the time the synthesis whilst not particularly 
increasing the efficiency of the procedure, as products yields are still low and 
the sample is still found to contain significant amounts of impurities.
Using the standard synthetic route to produce benzoxazines with aniline as 
the amine produced some unexpected results. Instead of forming the 
benzoxazine structure the reaction did not proceed past the formation of an 
intermediate. This was unexpected as there is no mention in the literature 
about this phenomenon occurring. However, spectral data suggest the 
structure of the intermediate is as shown in Figure 3.3, arising from the 
reaction of one mole of formaldehyde with one mole of aniline. It is likely that 
this intermediate does not react any further due to the stability of the molecule 
through hydrogen bonding with the aqueous medium in which the reaction
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takes place. This hypothesis is supported by computational simulations, which 
are discussed in more depth in Chapter 5.
Owing to the production of this intermediate species with the standard 
synthetic route an alternative procedure was investigated. A solvent-free 
synthetic route was attempted and found to produce those benzoxazines 
synthesised with the standard procedure, in good yield and purity, along with 
those that were not successful. It was therefore decided to adopt this 
synthesis in the production of benzoxazine monomers over the standard 
synthetic route as the procedure takes significantly less time to react, with 
reaction time of 20 minutes compared to 6 hours required previously. Yields 
and purities from the new synthetic route were comparable if not slightly 
higher than found previously and this new synthesis cuts out the need for 
solvent, and thus cuts cost of production of benzoxazines, which commercially 
makes this synthesis more attractive.
On characterisation of these materials it was found that FTIR cannot be used 
with any certainty to investigate the structure of the product or its purity. The 
impurities which might be expected to be contained in benzoxazine, i.e. 
starting materials such as the diol or amine used in the reaction, will contain 
the some of the functional groups found in the product. Similarly, dimeric and 
oligomeric materials, formed by polymerisation occurring on a small scale, will 
also contain those functional groups found in the benzoxazine monomer. Due 
to this FTIR cannot be used reliably to confirm the structure of the product, 
however, it can be used as a quick screening technique to check whether 
reaction has occurred.
While FTIR is unsuccessful in investigating the structure of the products, 
nuclear magnetic resonance spectroscopy was found to be very useful in this 
respect. Proton NMR spectroscopy was used with great success to 
characterise the benzoxazine monomers produced in this work as well as 
allowing the identification of impurities in the products. While proton NMR was 
very useful, some complications arise when the benzoxazine monomer
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contains more than one aromatic group causing overlapping and merging of 
peaks, making them more difficult to assign. For these materials NMR 
spectroscopy aided the characterisations as the wider range over which 
chemical shifts appear, reducing the chances of overlapping.
In conclusion to this chapter, a wide number of well characterised monomers 
have been produced in the course of this work. These materials cover a wide 
range of structural features, from what might be anticipated to be very brittle 
materials, upon polymerisation, for example the biphenol monomers, to those 
which might be expected to show greater toughness properties, for example 
the ether- and isopropylidene-bridged species. These monomer have been 
produced for the investigation of their mechanical and thermal properties, 
which are discussed in a later chapter of this thesis. Chapter 4.
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Chapter 4
Results and Discussion:
Thermal and Mechanical Properties
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4.1 Introduction
This chapter will include a brief introduction to each of the thermomechanical 
techniques used in this work, along with a description of how the resulting 
thermogram of each technique can be analysed. This will be followed by the 
investigation and comparison of the thermal and mechanical properties of the 
homopolymers synthesised (see chapter 2 and 3 for more information) along 
with analysis and comparison with testing results (from Hitachi Chemical Co. 
Ltd.) for selected polymers and commercially available systems.
4.2 DSC
Differential scanning calorimetry (DSC) was used in this work to assess the 
thermal characteristics of the monomers and polymers produced. It operates 
using a power compensation method, where both a sample and an empty 
reference pan are maintained at the same temperature using independent 
sources. The difference in energy input between the two sources is recorded 
against the temperature. The baseline, achieved by running two empty pans 
during calibration of the instrument, is subtracted from the recorded thermal 
event of the sample giving the deviation that has occurred in either an 
exothermic or endothermie direction^
As previously described, in Chapter 2, Section 2.2.4.1, monomer samples 
were first heated through the melt temperature, for solid materials, and 
through their polymerisation temperature to a final temperature of between 
250 -  300 'C, depending on their temperature of onset of thermal 
degradation. The polymerised material was then cooled to room temperature 
and a rescan performed, at the same heating rate, to find the glass transition 
temperature of the material and to confirm that full cure had taken place 
during the initial heating.
4.2.1 Preparation of samples
In these DSC experiments the monomer samples are investigated along with 
their polymer counterparts. As such, there is no special preparation required
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for these samples beyond loading them into the pans for analysis. The pans 
used were hermetically sealed aluminium pans, with an empty pan as the 
reference against which the actual samples were compared. The reference 
pan weighed 5.6 x 10'^ mg and sample pans were weighed prior to being filled 
with material to match this weight within ± 5.0 x 10'^ mg. Samples themselves 
weighed 3.5 ± 0.5 mg.
4.2.2 Characteristics of curves
The DSC curve can be split into two sections, the initial temperature ramp and 
the rescan. These two separate sections give very different information about 
the thermal characteristics of the material and so need to be characterised 
separately:
Initial ramp
As previously detailed, the sample is loaded into the DSC as a monomer and 
so the initial ramp will give the details of the monomeric material. A typical 
curve for a solid monomer, for example the result of the DSC experiment 
using BisA-a, is shown in Figure 4.1. The first peak in the trace represents the 
melting temperature (Tm) of the monomer, this is an endothermie process with 
heat/energy being taken in by the system and so this thermal event appears 
on the trace as a negative peak. The peak is broad but there is no indication 
of a shoulder, in this case. This indicates that the material is reasonably pure 
although the broadening suggests the presence of some impurities in the 
sample. The peak maximum is 43 'C with a AH of 6.91 J/g (3.2 kJ/mol of 
substrate, 1.6 kJ/mol of functional group); the enthalpy obtained was 
determined by the TA universal analysis software as the area under the curve. 
This peak could also be attributed to a Tg rather than a Tm.
Also seen on the initial ramp is the polymerisation temperature (Tp) which 
appears as a broad peak, spanning 164 -  262 'C, in a positive direction, with 
respect to heat flow. This is observed as a single peak with a peak maximum 
of 224 'C and a polymerisation enthalpy of 298 J/g {137.9 kJ/mol of substrate, 
68.9kJ/mol of functional group).
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Figure 4.1 Typical DSC curve for initial ramp of a solid monomer
This general pattern is followed for all the monomers used in these 
investigations with small alterations in some cases. Some of the materials 
studied did not show an initial Tm as they are liquids or very viscous oils. In 
many cases the peak corresponding to the polymerisation of the materials is 
very broad and the baseline is shifted to a higher value of heat flow after 
polymerisation has taken place. This means that it is difficult to get an 
accurate value for the enthalpy of polymerisation for these systems and so the 
values given later in this chapter are estimated using the TA universal 
analysis software. The ring strain around the six membered heterocyclic ring 
of the benzoxazine makes it possible for the materials to undergo ring- 
opening polymerisation under certain conditions. Benzoxazines would 
polymerise more easily in the presence of initators or catalyst, but these are 
not necessary to achieve cure, as the heterocyclic ring opens under heating. 
The reaction does, however, depend on the structure of the benzoxazine, the 
structure of the initiator, if present, and the reaction conditions^.
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Rescan
The rescan is run from room temperature up to the maximum temperature 
after the material has undergone the initial ramp. As the monomer undergoes 
polymerisation in the initial ramp this rescan gives the thermal properties of 
the polymeric material. A typical curve, for the example of BisA-a, is shown in 
Figure 4.2.
00
-01-
-0-2-
I  -03-^
- 0 4
-0 5
SO 100 150
Temperature f  C)
250 300
Vnwersal V3.5B TA instruments
Figure 4.2 A typical DSC curve for the rescan
This thermogram shows a very distinct region where the transition from a 
glass to a more rubbery material observed as a change of the gradient of the 
slope in a small region before returning to the baseline gradient. The actual 
glass transition of a material is not a single point and therefore a range is 
quoted for this feature, in this case between 128 -  162 °C, and the midpoint of 
this range is the extrapolated Tg, at 138 °G for this example. This curve shows 
no evidence of a residual exotherm, which would appear as a peak on the 
thermogram, and indicates that the material has been fully cured in the initial 
ramp. The Tg of a material is affected by the molecular structure, determined 
by the monomers used, and the extent of reaction, i.e. the crosslink density.
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4.2.3 Reproducibility of scans
Each DSC experiment was run in duplicate to test the reproducibility of this 
technique and the accuracy of the results obtained. Figures 4.3 and 4.4 show 
comparisons of the two thermograms for DHPE-aniline initial ramp and rescan 
to test the reproducibility of these results.
2 5
2.0-
Li.
II
0 5 -
-0 5
100 150
Temperafure (°C)
250 300
Universal V3.5B TA Instruments
Figure 4.3 DSC Reproducibility test for DHPE-aniline, initial ramp
Table 4.1 shows a comparison of all the relevant data obtained from these 
thermograms. The data reported show good agreement for this experiment, 
with values for onset, peak maximum and end of polymerisation temperatures 
agreeing within 2 K.
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Table 4.1 Numerical comparison of DSC data, initial ramp
Experiment
Onset of first 
polymerisation 
(°G)
Peak
maximum
(°C)
Enthalpy of 
polymerisation
(J/g)
Peak end
('€)
DHPE.001 168.8 218.3 354.4 272.6
DHPE.002 168.1 219.0 331.6 274.7
0-0
DHPE a 002DHPE-iOQI
I
X -0 3 -
- 0 4 -
- 0.5
100 150 250 300
Temperature (°C)
Figure 4.4 Reproducibility test for DHPE-aniline, rescan
The rescan, shown in Figure 4.4, shows reasonably good reproducibility, both 
curves follow approximately the same shape and have a glass transition in 
approximately the same temperature range (Table 4.2). The gradient of the 
curve of experiment DHPE-a.001 seems slightly steeper before the glass 
transition occurs and the gradient of the actual range over which Tg occurs 
appears also to be slightly steeper than experiment DHPE-a.002. This could 
be attributed to the difference in sample size as a smaller sample size will 
lead to a larger change baseline shift^.
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Table 4.2 Comparison of data taken from rescan testing reproducibility of 
results
Experiment Onset of Tg range
(°C)
End of Tg range
(°C)
Extrapolated Tg 
(midpoint) (°C)
DHPE.001 187.8 224.2 199.2
DHPE.002 173.7 215.4 177.8
4.2.4 Comparison of experimental DSC data
A large number of benzoxazine monomers have been produced in this work
leading to the production of a wide variety of homopolymers. For ease of 
comparison of the data obtained using DSC, the results have been collected 
in Table 4.3. In this table the benzoxazine samples are referred to by 
monomer and they are classified by the diol and amine used in the synthesis 
of these materials, e.g. 6,6'-b/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane is formed from the reaction of bisphenol A with 
methylamine (and formaldehyde) and so will be designated BisA-m. The other 
amines used in the syntheses will be abbreviated as aniline = a, benzylamine 
= b, and allylamine = al.
The melt temperature of the material is given as the peak maximum for this 
thermal event. In some cases this would be a sharp peak, suggesting a pure 
sample undergoing melting. However, the materials that were classified as 
ductile in Table 3.2, Chapter 3, as semi-solid materials do not undergo a 
typical melt. Instead these materials undergo a softening process which either 
does not appear on the DSC thermogram or appears as a broad and shallow 
dip in the low temperature region of the curve. In these cases it is difficult to 
pinpoint an actual melt temperature so they have simply been labelled in 
Table 4.3 as softening.
In some cases, notably for those monomers incorporating allylamine into the 
structure, there is the appearance of two exothermic peaks on the initial ramp, 
suggesting two or more polymerisation processes taking place. In these cases 
the data collected from both peaks are taken into account and gathered into
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Table 4.3, the first peak values are entered first followed by the data collected 
from the second and this phenomenon is investigated further in Section 4.2.5. 
In the ‘Other characteristics of initial ramp’ column of the table more 
information on the shape of the curve or the peaks appearing on the curve 
can be found.
Finally the data from the rescan are entered into the table in the form of a 
range over which the glass transition takes place, Tg onset to Tg end point, 
and the Tg value extrapolated by TA Universal Analysis software. Where no 
obvious Tg can be found from the thermogram these data have been left 
blank.
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On taking an overview of these results some general features of the curves 
can be observed and compared. One such feature is the amount of time for 
which the monomer sample is in a molten state prior to polymerisation. This 
would be of particular interest commercially as it determines the temperature 
range over which the monomer can be manipulated into a mould, i.e. the 
processing time. A longer temperature range might be more beneficial as this 
allows time for processing prior to cure. If this is the case then the PK3-a and 
BisA-a materials would perform the best, with the PK3-a melting at ~ 67 °C 
and onset of polymerisation at ~ 200 °C, giving a temperature range of ~ 140 
K for manipulation, and the BisA-a monomer melting at 43 °C and, again, 
polymerising at 200 °C, giving a 160 K temperature gap. Conversely, the 
materials which will perform the poorest in this respect, are those 
incorporating methylamine into the polymer structure, i.e. BisA-m, BisS-m, 
BisAFe-m etc. For these materials the endothermie peak representing the 
melting of the monomer is very closely followed by the onset of the 
polymerisation exothermic peak, in most cases melt leading straight into 
polymerisation. This means that there is a very small temperature range over 
which the molten monomer can be manipulated which might cause problems 
during processing. These materials also consistently display broad peaks for 
the polymerisation, appearing to contain two processes. This might be caused 
by the small distance between melt and polymerisation. The melt of the 
monomer may not be fully achieved before polymerisation takes place. If this 
is the case then the material is polymerising while the monomer is still melting 
and so the extent of polymerisation at this point is restricted by the yield of 
molten monomer. Consequently, dimérisation and oligomerisation would take 
place first, while additional melt is occurring, followed by larger scale 
polymerisation after 100% melt of the monomer has been achieved.
Another immediate trend observed from the data displayed in Table 4.3 is the 
double peak for the polymerisation of the allyl derivatives. This is likely to be 
due to the two polymerisation processes available in these materials, 
polymerisation through a ring opening reaction of the benzoxazine
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heterocyclic ring and vinyl addition of the double bond on the allyl group. This 
is investigated further in a later section of this chapter.
4.2.4.1 Comparison of amines
On comparing the results of a set of four samples, keeping the diol portion of 
the benzoxazine constant, in this case as bisphenol A, but changing the 
amine, as shown in Figure 4.5 the initial ramp shows significant changes in 
the curves.
2.0
,5 -
1 0 -
0 5 -
0 0 -
- 0 .5 -
-10
0 50 100 150 200 250 300 350
Temperature (°C) universal vs æ  ta  instruments
Figure 4.5 Comparison of four thermograms, initial ramp, of Bisphenol A 
benzoxazines with varying amines (red = methyl, blue = aryl, green = benzyl, 
black = allyl)
This follows the expected trend as changing the pendant group on the 
nitrogen of the heterocyclic ring will have a significant effect on the reactivity 
of the species and the ease with which the ring opening reaction will take 
place.
If the group is bulky, for example if the functional group is aniline or 
benzylamine, it will hinder access to the reactive sites of the molecule, limiting 
the reactivity and therefore requiring more heat/energy to be put into the 
system before polymerisation takes place. Furthermore, the polarity of the
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functional group will have an effect on the reactivity of the heterocyclic ring 
and also on the stability of the carbocation formed by the reaction of two 
monomers (the propagating species)" .^ The aniline group will have the greatest 
effect in this respect, being the most polar group of the three, as the aromatic 
ring of the benzylamine is separated from the nitrogen by a methylene group. 
The end points for the four DSC experiments shown are found at different 
temperatures as each material has a different temperature for onset of 
decomposition. The latter was determined by a quick DSC scan, and for the 
rescan to give an accurate value for the Tg of the material it must not have 
undergone any decomposition to contaminate the sample. The favoured 
temperature for the end of the experiment was set at 300 °C, if no 
decomposition has taken place before this point, followed by a 5 minute 
isothermal period to ensure that the material is fully cured.
The methyl derivative shows a very broad peak for the polymerisation of the 
sample: there is also a suggestion of two peaks for the polymerisation process 
rather than one. This is possibly because the first stage of the polymerisation 
of this material may yield formation of dimeric and oligomeric materials 
followed by larger scale polymerisation. However, this shouldering effect 
might be due to amorphous material crystallising prior to polymerisation^ The 
curve does not return to the baseline for this material after polymerisation, this 
suggesting that the thermal properties of the high temperature form are 
significantly different from the low temperature form^. These features of the 
curve make it difficult to calculate an accurate value for the enthalpy of 
polymerisation, however the TA Universal Analyser software is able to 
extrapolate a value using baseline corrections, as shown in Figure 4.6, giving 
an estimate of the enthalpy.
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Figure 4.6 Example of baseline extrapolation for calculation of enthalpy of 
polymerisation
The aryl derivative has a very clear well defined polymerisation peak, however 
the peak is not entirely symmetrical (Figure 4.7), suggesting that there is more 
than one process occurring during the polymerisation of this material. This has 
also been reported in the literature, investigating the mechanism and kinetics 
of the polymerisation of 6,6’-b/s(3,4-dihydro-3-aryl-2H-1,3- 
benzoxazinyl)isopropane. In this case a single peak was observed for the 
polymerisation process, suggesting a single chemical process, however the 
unsymmetrical nature of the peak means that a process formed by two or 
more simultaneous or very close chemical reactions cannot be ruled out®.
The polymerisation of these materials was detailed in Chapter 1, giving two 
possible routes to the polymerisation of benzoxazines via the ring opening 
reaction. In one route a Mannich base phenoxy-type polybenzoxazine 
structure is formed (Figure 4.8 A) while in the second route a Mannich base 
phenolic-type polymer is formed (Figure 4.8 B), the difference in these two 
mechanisms might lead to the appearance of two peaks for the
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polymerisation, although they are so similar that they overlap each other, 
forming one peak for the process, which appears unsymmetrical.
160 180 200 220
Temperature (°C)
240 260 280
Unryersal V3.5B TA Instruments
Figure 4.7 Shows unsymmetrical aryl-DSC peak and break down of curves (2’ 
shows overlay of mirror image of line 2)
OH
R'
A B
Figure 4.8 Two possible polymers formed on ring-opening polymerisation 
reaction
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For the benzylamine derivative there is no melting point, however there seems 
to be a broad area between ~ 90 °C and 130 °C where there is a change in 
the baseline of the curve, which may be associated with the softening of the 
material. The sample does not melt cleanly, with increase in temperature, but 
appears to soften from its ductile state.
The peak for the polymerisation of this material appears significantly weaker 
than those for the other three materials displayed alongside it, and therefore 
the enthalpy of polymerisation for this material is comparatively lower. This 
might be due to the polymerisation of this material being hindered at a point at 
which all the benzoxazine functional groups do not react to form the polymer 
chain, due to the larger steric hindrance posed by the bulky benzyl group. 
Similar to the aryl derivative, the polymerisation peak does not appear 
symmetrical, due to this material undergoing the same two polymerisation 
processes resulting in the formation of a combination of the two polymer 
structures, as shown in Figure 4.8.
Lastly the DSC thermograms for the allyl derivative appears to display two 
processes, similar to the methyl derivative, although the two peaks for the 
processes are much clearer and more discrete than the methyl derivative. The 
lower temperature process begins at ~ 120 °C, with the second occurring at a 
higher temperature, overlapping with the previous process and thus making it 
difficult to pin-point exactly when the latter begins. By extrapolating the curve 
down to the baseline an estimate of the onset of this process can be made, 
which is ~ 200 °C. For this material it is likely that the two peaks of the curve 
are due to two completely separate polymerisation processes, unlike the 
previous examples, only one of which is likely to be due to the heterocyclic 
ring opening reaction of the benzoxazine. The other polymerisation process 
occurring in this material may be attributed to polymerisation through the allyl 
group, where the double bond reacts with another allyl group via a chain 
growth mechanism. This process is further investigated later in this chapter, in 
Section 4.2.5. Owing to the overlap of peaks it is again difficult to get an 
accurate value for the enthalpy of polymerisation for the separate processes
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and so the value given is the enthalpy of the two processes combined (Table 
4.3).
On comparing these results, the methylamine polymerisation has the lowest 
onset temperature followed by the polymerisation of the allyl derivative. In 
each of these samples, two polymerisation processes seemed to occur. It is 
likely that the first process is a smaller scale polymerisation, i.e. dimer/small 
oligomer formation in the methyl derivative and vinyl addition polymerisation 
for the allyl group, followed by a larger scale ring opening reaction of the 
heterocyclic ring of the benzoxazine. The methyl curve appears very broad 
and shows no separate peak for the ring opening reaction as the 
dimer/oligomer formation naturally leads into larger scale polymerisation 
rather than it being a attributed to a separate process.
The allyl derivative shows the highest Tp value for the ring opening reaction, 
with the benzyl and aryl derivatives falling in the middle of the range. It is likely 
that the methyl derivative undergoes polymerisation at a lower temperature, 
due to the ease with which the heterocyclic ring will open and go on to react 
with additional benzoxazine monomers. The relative lack of steric hindrance 
means that less energy {i.e. a lower temperature) is required to complete this 
process. The energy required to complete polymerisation increases 
commensurately with the bulkiness of the functional group on the nitrogen of 
the heterocyclic ring. This is directly related to the steric hindrance afforded 
towards the incoming monomers and, as such, it can be expected that the 
aniline derivative will polymerise at a higher temperature than the 
methylamine and the benzylamine at a higher temperature still. The allyl 
derivative polymerises, via the ring opening reaction, at a higher temperature 
than the other materials. This is likely to be due to the first polymerisation 
process, the vinyl condensation, arranging the sections of the polymer chain 
such that on ring opening the reactive group of the Mannich bridge cannot 
easily reach the site for polymer chain extension and so the system requires 
more energy to allow the polymer to rotate such that the positioning is correct 
to allow for reaction to occur.
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The rescan of the four materials detailed in the foregoing paragraphs above 
gave rise to the glass transition temperatures displayed in Table 4.4.
Table 4.4 Comparison of Tg from selected benzoxazines
Sample
Onset of Tg range 
(°C)
Midpoint 
(extrapolated) Tg 
("C)
End point of Tg 
range 
(°C)
BisA-m 172.8 187.1 199.3
BisA-a 147.4 159.3 172.3
BisA-b 113.9, 200.5 115.4,211.9 116.0, 227.6
BisA-al 177.0 197.5 226.7
The benzoxazine polymer formed from the benzyl-derivative exhibited two 
regions which could be associated with glass transitions and thus caused by 
two separate large scale molecular motions in the polymer chain. One of 
these phenomena, probably the lower temperature transition (115 °G), could 
be due to the increase in energy in the system allowing smaller scale, but still 
significant motion, of the benzyl group having more freedom to rotate, which 
will lead to an increase in the volume of the material but not significantly 
enough to be a true glass transition. With addition of even more energy into 
the system the crankshaft motions of the polymer chain itself will begin, at a 
higher temperature (211 °G), which involves concerted motions between the 
sections of the polymer chain and is the true glass transition temperature for 
this material, leading to a significant reduction in its bulk modulus.
The trend of increasing Tg followed by the materials discussed in the 
paragraphs above is as shown below,
aryl < methyl < allyl < benzyl
with the aryl derivative having the lowest Tg and the benzyl derivative having 
the highest. It might be expected that the methyl derivative would have the 
lowest Tg of this set of materials, as the methyl group being the smallest
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pendant functional group on the Mannich bridge will have the greatest degree 
of freedom for rotation and so will take less energy, in the form of heat, for the 
transition from a glassy to rubbery material to occur. However, the aryl group 
for this set of materials has the lowest empirical Tg. Bulky pendant groups, 
such as aryl rings, may raise the Tg of a material in some cases. This is the 
case with aromatic polyamides, in which increasing aromatic content by 
addition of pendant aromatic groups, significantly increases the observed Tg 
for these materials^. In other materials the presence of bulky pendant groups 
may have the effect of lowering the glass transition temperature. In the latter 
case, this is due to the increase in the bulkiness of the pendant group leading 
to a greater free volume, as the polymer chains would not be able to pack 
closely together and non-covalent interactions are reduced. This is 
exemplified by a series of methacrylate polymers, where an increase in the 
size, and bulkiness, of the pendant groups leads to a decrease in the Tg of the 
material due to the increased free volume required as shown in Figure 4.9®.
ÇH3 ÇH3
c= o  c= o
? ?CH3 ÇH,
OH,
Tg = 100- 120°C
Tg = 65°C
ÇH3 ÇH3
c=o c=o
?
ÇH, ÇH3
ÇH3 ÇH,
CH3
Tg = 35°C
ÇH,
CH3 
Tg = 20°C
Figure 4.9 Showing decrease in Tg of polymethacrylates with increasing 
bulkiness of pendant group
This is due to the greater amount of space, or free volume, between polymer 
chains allowing for freer rotation of the polymer chains, lowering the Tg and 
thereby reducing the amount of energy required for the Tg to be reached. 
Beyond this, where the number of CH2 groups pendant on the polymer chain 
is greater than eight, it has been observed that the Tg values of the materials
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increases once more. This is due to entanglement of the chains leading to 
crystallisation.
While the methyl group of the benzoxazine, will have more freedom for 
rotation, the small size of this functional group will allow the polymer chains to 
pack closer together having the effect of increasing the amount of energy 
required by this system to reach its Tg, the aryl group will cause the free 
volume of the polymer to increase to accommodate its bulky structure. The 
benzyl group however will have slightly more freedom for rotation than the aryl 
group due to the CHg group between the nitrogen and the aromatic ring. This 
group will have the effect of allowing the functional group to bend into 
conformations which are not achievable by an aromatic ring alone, and will 
therefore allow the polymer chains to pack more closely together. If the 
polymer chains are tightly packed together then the benzyl group, still being a 
very bulky, rigid functional group, will cause the Tg to be significantly higher 
than that observed for the other materials compared here. The benzyl 
derivative is observed, with DSC, to have a Tg that is even higher than the for 
example the allyl derivative, where there should be a greater crosslink density 
due to the polymerisation of the allyl groups along with Mannich bridges.
DHPE-mOOl
DHPE-al.œi
DHPE-b.001
DHPE-a.OOl
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Figure 4.10 Comparison of DSC thermograms for DHPE varying amine
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
134
Figure 4.10 shows the comparison of another set of DSC traces, in this case 
keeping a constant diol, DHPE, in the reaction and again varying the amine. 
The data follow the same pattern as that displayed by the previous data set. 
The methyl derivative has a broad peak for the polymerisation of the material, 
seeming to incorporate two processes, the only difference being that the 
methyl derivative of the DHPE material does not undergo melting, unlike the 
Bisphenol A. The aryl derivative has a very strong well defined peak for its 
polymerisation, once again not a symmetrical curve but rather containing two 
or three processes occurring in a similar temperature regime, causing slight 
shoulders to appear on the peak, as seen with the Bisphenol A material. The 
benzyl derivative displays some odd characteristics shown by the DSC 
experiment. It appears that at low temperatures, ~ 60 -C, there is an 
exothermic reaction occurring, possibly caused by residual reaction between 
starting material impurities in the sample. This is followed by a relatively high 
melt temperature, when compared to the other materials produced in this 
work, and an even higher polymerisation onset, at ~ 200 -C.
Finally, the allyl derivative once again shows two significant peaks for the 
polymerisation corresponding to the polymerisation occurring through the allyl 
group as well as the benzoxazine ring opening reaction. The Tg values for this 
set of materials, as shown in Table 4.3, follow the trend
methyl < aryl < allyl
From the DSC data it is not possible to obtain a Tg value for the benzyl 
derivative as no significant alterations in the gradient of the rescan curve are 
observed. However, in common with the previous data, the allyl derivative has 
a higher Tg value than those observed for the methyl and aryl derivatives. 
Once again this is expected due to the significantly higher crosslink density 
anticipated in this material, due to vinyl chain growth as well as ring opening 
polymerisation. In this set of materials the methyl derivative has the lowest Tg 
followed by the aryl derivative, which is different from the previous data set.
As previously discussed, the aryl group pendant on the Mannich bridge could
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have one of two effects on the packing of the polymer chains together. One 
effect would be that due to its bulkiness and inflexibility it could cause the 
polymer chains to pack further apart from each other, this would have the 
effect of allowing more space around individual polymer chains for rotation, 
lowering the Tg of the material. The other effect is opposite to this, the polymer 
chains will not be packed any further apart and the bulky aryl group will restrict 
rotation around the Mannich bridge significantly, increasing the Tg of the 
material. The BisA-a derivative seems to follow the former, while the DHPE-a 
material, the latter. This can also be, in part, attributed to the effect of the diol 
portion of the benzoxazine. In BisA the bridge unit between the aromatic rings 
(determined by the diol) is an isopropyl group with reasonably bulky CH3 
groups limiting rotation slightly. This might be having the effect of increasing 
the distance between polymer chains, in tandem with the aryl groups effect, 
decreasing the Tg of the material. In the DHPE material the bridge between 
aromatic rings is an ether linkage and so this will not have any effect on the 
packing of the polymer chains. Hence, the aryl group alone will not have so 
great an effect on the packing of the material, which might lead to this 
DHPE-a material having a higher Tg than the methyl derivative.
The effect of isopropyl and ether groups on rotation of a polymer chain has 
previously been investigated for the material shown in Figure 4.11®.
Figure 4.11 Flexibility of dihedral angles in Poly(ether isopropylidene
sulphone) (PEIS)
It was observed that rotation around the isopropyl group was tetramodal, with 
the distribution centred around ± 50 °and ± 130 °and correlation between 
neighbouring groups, i.e. if one group changed its state, its neighbour would 
also. The ether linkage was found to display a bimodal distribution, centred 
around ± 90 °, however it was observed to have a much broader distribution
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and no evidence of correlation between neighbouring groups was observed. 
To investigate the potential energy of these groups, the dihedral angles were 
iterated, from 0 to 360 °, and after each iteration the molecule was allowed to 
relax, while keeping the dihedral angles of the linkage constant^°. 
Conformational plots of the two 0  angles plotted against each other and these 
were used to obtain the energy barriers for rotation. For the isopropyl group 
the energy barrier was found to be 6 kcal/mol, while for the ether linkage it 
was 4 kcal/mol. This suggests that rotation is freer around ether groups and 
for this group the lack of correlation between neighbouring groups allows free 
rotation, independent of the rest of the polymer chain.
4.2.4.2 Comparison of diol
As seen in the previous section, some of the observed differences in the 
thermal properties of the material produced can be attributed to the diol used 
in the synthesis of benzoxazine monomers. This can be seen more clearly in 
Figure 4.12 which shows the comparison of seven DSC traces in which the 
amine group, pendant on the Mannich bridge, is kept constant throughout (in 
this figure as aniline), but the diol, i.e. the bridging group between the two 
aromatic rings on the polymer chain is altered. Only the peak representing the 
polymerisation of the materials is shown in the figure as these materials do 
not display any significant differences at lower temperatures, except for the 
peaks caused by the monomers melting at different temperatures.
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Figure 4.12 Comparison of DSC results, specifically the peak of the 
polymerisation for selected diols (amine kept constant as aniline)
On comparing these curves some patterns start to emerge and similarities 
and differences between the results are obvious. Firstly the curves for the 
DHPE, BisA and PK3 monomers are similar in shape with the curves showing 
a quite broad, sharp, and smooth peak for the polymerisation of the materials. 
Once again, the peaks on the thermograms themselves are not symmetrical 
curves, this can be explained as previously that there is more than one 
process occurring during the ring opening reaction (Figure 4.8).
These three materials seem to share similar polymerisation onset 
temperatures and Ip values no more than 20 K different from each other. 
Differences in the curves include the melting temperatures of the three 
materials (Table 4.3). The DHPE material is already liquid and so does not 
undergo melting whilst the PK3 and bisphenol A materials become molten at 
68 and 43 -0 respectively. Another difference in these three curves is the 
variation in the enthalpies of polymerisation, which is smallest in the case of 
PK3 and largest in the case of DHPE. While these three materials do not 
share any obvious structural features beyond the pendant amine on the
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heterocyclic ring, they do show similarities. In these cases the bridging group 
between the heterocyclic ring could be described as flexible and they would 
be expected to have an electron donating effect on the aromatic ring, which 
will lead to greater stabilisation of the carbocation intermediates formed.
While the curves for the DHAMS and Bisphenol T materials do not appear so 
strikingly similar as those discussed above there are some similarities in the 
shape of the curves and the polymerisation peak, which in these materials 
appear very broad at the base of the peak narrowing to quite a sharp point at 
the Tp. The shape of the peak seems quite similar, after reaching the 
maximum, towards the end point of the polymerisation process there seems to 
be quite a significant shoulder on the peak. This could mean that for these two 
materials the alternative polymerisation processes play a more significant role, 
i.e. may form more of the second polymer structure (Figure 4.8 B) which is 
less likely to form as this requires the insertion of monomers through reaction 
with the benzoxazine oxygen (Chapter 1, Figure 1.5) which is a more sterically 
isolated position than the orthojposWion on the benzene ring. The melting 
behaviour is worthy of comment: the DHAMS material exhibits what might be 
multiple melt temperature due to impurities with different melt temperatures in 
the sample (starting materials). The Bisphenol T material has only one melt 
temperature but it does not appear as a sharp point and contains some 
shouldering which could be due to impurities in the sample which share 
similar melt temperatures to the monomer.
The curves for bisphenol AFe and 4,4’-biphenol also share some common 
features especially in the shape of the exothermic peak. In both curves it 
appears very broad without reaching a sharp point for the Tp, and as such it is 
difficult to pinpoint a Tp value for these materials as peak plateaux. In these 
two cases there also seems to be melt/softening at a low temperature and 
then just before onset of polymerisation there is a more significant 
endothermie peak. This feature makes it difficult to pinpoint the onset of 
polymerisation accurately and also makes determination of the enthalpy 
difficult as there is no return to the baseline prior to polymerisation. The
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biphenol material, with no bridge unit between the aromatic rings, and 
bisphenol AFe material, with a hexafluoroisopropyl bridge, could be regarded 
as similar in that they both contain groups which would be expected to show 
electron withdrawing effects on the aromatic ring. The bisphenol material, with 
no bridge, means that the tt  cloud of the aromatic ring will extend to 
encompass both rings, resulting in a strong electron withdrawing effect on the 
heterocyclic ring. The hexafluoroisopropyl group might be expected to show a 
similar effect, however reduced by the distance of the halogen atoms from the 
aromatic rings. In tandem with this, the steric hindrance exhibited by these 
groups to rotation around the bridge unit will be similar as the inflexibility of the 
two aromatic groups will be matched by the steric hindrance exerted by the 
bulky fluorine atoms of the hexafluoroisopropyl bridge.
The last curve, that of the bisphenol S material (Figure 4.12) does not share 
any particular similarities with any of the other curves featured. It shows a very 
shallow peak for polymerisation, which causes a very low enthalpy, relative to 
the other materials discussed in the paragraphs above. The melting of this 
material occurs at a reasonably high temperature but is irregular, suggesting 
an impure sample.
The glass transition temperatures of these materials are compared in Table 
4.5. The data displayed here do not follow the same pattern as seen in the 
results of the initial scan, i.e. no grouping of PK3, BisA and DHPE results, 
etc., but instead follows the trend shown below, with the experimental glass 
transition temperature increasing,
PK3 < BisA < BisS < 4,4’-Biph < DHAMS < DHPE < BisT < BisAFe
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Table 4.5 Comparison of the glass transition temperatures of selected 
polymers
Sample Onset of Tg
Midpoint 
(extrapolated Tg)
End point of Tg
BisA-a 127.7 137.7 161.9
BisS-a 147.5 160.1 183.0
BisAF 0-a 202.8 212.1 222.1
4,’4-Biph-a 159.2 179.4 194.6
DHPE-a 184.8 199.4 226.2
DHAMS-a 156.9 193.1 207.7
BisT-a 200.5 205.1 214.6
PK3-a 111.3 113.8 131.0
The PK3 material is expected to have the lowest Tg as the greater flexibility of 
the alkoxy bridge, allows much more freedom for rotation of the polymer 
chain. Therefore, the transition from a glass to a rubber can occur at a much 
lower temperature, as there is little in the way of steric hindrance to prevent 
free motion of the polymer chain.
BisAFe has the highest Tg, from DSC measurements, of this data set. While 
the structure of this material is very similar to the Bisphenol A polymer, the 
replacement of the hydrogen atoms on the isopropyl bridge unit for fluorine 
atoms has had the effect of significantly altering the Tg of the material from 
one of the lowest values to the highest. The fluorine atoms occupy a greater 
volume then the hydrogen atoms, making the hexafluoroisopropyl bridge 
much more bulky. The standard bond length for C -  F is greater, at 135 pm, 
than that of a C -  H bond, at 109 pm. Consequently the space required for a 
CFs group will be larger than that of a CH3 group.
The structure of this material is such that rotation around the bridge occurs by 
flipping style to the opposite conformation in sudden motions, rather than 
smooth rotation around the centre point, as seen with the isopropyl group®. By 
replacing the hydrogens with fluorine atoms it makes the energy requirement 
for this flipping motion a lot higher, as it is more difficult for the rotation to
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occur with bulky CF3 groups in place and as such a greater amount of energy 
is required for the concerted motion of the polymer chain to occur, as not only 
one monomer unit needs to be able to rotate, but many groups moving 
together to achieve a rubbery state.
The BisA and BisS materials show relatively low Tg values, which might be 
expected due to the bulky bridge units of an isopropyl group and a sulphone 
group. As explained above the motion of these materials will be achieved via 
a butterfly flipping motion, this is true for the sulphone material as well as it 
has a staggered conformation similar to the BisA and BisAFe materials, as 
shown in Figure 4.13, and also showed a tetramodal distribution of the torsion 
angles of the linkage, in previous studies®.
Figure 4.13 Comparison of structures of sulphonyl and isopropyl bridges (p- 
substituents not shown)
The DHPE and BisT polymers display similar Tg values {i.e. within 10 K of 
each other) and these polymers have similar structures, as the bridge unit is a 
single atom, sulphur for the BisT material, oxygen for the DHPE. While these 
two atoms are different sizes the effect on the rotation around this point will 
not be greatly affected.
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4.2.5 Investigation of allyl- containing polymers
In most cases the thermograms obtained through DSC experiments for these 
materials, from the initial ramp, appear as those shown in Figures 4.1 and 4.3 
in the sections above. The exceptions to this are the data resulting from the 
DSC experiment of benzoxazine materials formed by the incorporation of 
allylamine into their structure, as the pendant group on the nitrogen of the 
heterocyclic ring. In this case rather than having a single peak corresponding 
to the polymerisation of the material, there seems to be two peaks (Figure 
4.14), which overlap, with a combined AHp of 276 J/g (138 kJ/mol), suggesting 
that there are at least two polymerisation processes occurring in the sample.
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Figure 4.14 DSC thermogram of BisAFg-allyl
This is very likely to be due to the possibility of polymerisation through not 
only the benzoxazine, heterocyclic ring, but also through the pendant double 
bond on the allyl group (Figure 4.15).
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free radical polymerisation ring opening polymerisation
OH
OH
Figure 4.15 Schematic showing the polymerisation possibilities for 
b/sbenzoxazines containing allyl functional groups
{N.B. Samples could display both routes)
A similar material has been investigated by Ishida’s research group, using 3- 
aminophenylacetylene as the amine in the preparation of the benzoxazines, 
both mono- and bifunctional, with a variety of different diols, including 
bisphenol A, bisphenol S and other similar materials, as shown in Figure 4.16. 
For these materials, it was found that for the monofunctional species the 
polymerisation exotherms for both the ring opening and acetylene 
polymerisation occurred within the temperature range of 220 -  235 °C, 
resulting in a peak with a significant shoulder^ \  For the bifunctional materials 
the exothermal peaks attributed to the acetylene polymerisation also occurred 
in similar temperature regimes, followed by, in some cases, a small post-cure
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exotherm. The latter has been attributed to the steric hindrance effect of the 
central linking group of the bisphenol derivative during polymerisation^^.
CH,
-OH + 4  CHgO + 2 H,N
— \  where X = —o—
^  /
CF,
CM,
 CH,-
CF,
Figure 4.16 Benzoxazines synthesised using 3-aminophenylacetylene
In the present work, the polymerisation of these two functional groups, 
benzoxazine ring and vinyl addition, occur within about 20 K of each other and 
as such there is overlapping of the peaks associated with their 
polymerisations. Consequently, it is very difficult to determine the onset 
temperature for the second polymerisation process and the enthalpy of 
polymerisation for either process. In order to investigate this further a free 
radical initiator, benzoyl peroxide, was added to the monomer sample in 10% 
by weight. The free radical initiator decomposes to form highly reactive 
radicals (Figure 4.18) which will initiate the polymerisation of the vinyl portion 
of the benzoxazine monomer. Decomposition for this initiator occurs at 300K 
at kd = 9 X 10‘^sec'^ and at 350K, Kd = 2 x 10’ ,^ which is regarded as being 
within the suitable range for radical polymerisations^^. Further decomposition 
of the benzoyl oxy radicals takes place at 10'"^  sec'^ at 300K.
o + 2 CO,
Figure 4.17 Decomposition of benzoyl peroxide
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It was hoped that this would encourage the polymerisation of the allyl group to 
take place at a lower temperature and that it would therefore separate the two 
processes enough to gather information about both. The result of the DSC 
experiment is shown in Figure 4.18.
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Figure 4.18 DSC thermogram of BisAFg-allyl with 10 % wt benzoyl peroxide
On addition of the free radical initiator to the monomer sample there is a 
significant change in the DSC. The first polymerisation process, attributed to 
the results free radical addition reaction, is initiated by the benzoyl peroxide to 
take place at a much lower temperature, with the onset of polymerisation at ~ 
67 °C. Polymerisation takes place over a reasonably short temperature range, 
giving a sharp, symmetrical peak, with a Tp value of 92 °C. After this 
polymerisation process has taken place two additional processes occur at 
higher temperatures. The second process onset, at 143 °C, results in a 
shallow, broad peak and it is likely that this is due to residual cure of the allyl 
groups that have not been polymerised at lower temperatures. The final 
process, with an onset of 216 °C and Tp of 250 °C is likely to be the 
heterocylic ring opening reaction. The results of this experiment may be 
compared with the experiment without the initiator and in the latter the second
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peak remains in roughly the same position (Tp value ~ 250 °C). This peak can 
therefore be assigned to the heterocyclic ring opening reaction as this will not 
be affected by addition of an initiator. The size of this peak relative to the 
experiment without the initiator is diminished quite significantly indicating that 
the lower temperature peaks were originally contained within the higher 
process. Before adding an initiator, the heterocyclic ring opening reaction 
appeared to be the most significant process, giving the largest peak for the 
polymerisation, whereas after addition of the initiator the free radical addition 
reaction seems to have become the most significant, largest peak. It is likely 
that the ring opening reaction suffers on addition of the initiator as once the 
vinyl addition reaction has taken place it will be more difficult for the ring, once 
opened to react with the active site, i.e. the unobstructed orf/7o-position of the 
benzene ring of another monomer, therefore polymerisation via this route will 
be restricted.
4.3 DMA
Dynamic mechanical analysis (DMA) was used in this work to evaluate the 
thermal and mechanical properties of the polymers produced. DMA is a 
technique used to investigate the stress/strain on a material by exposing the 
polymer sample to a sinusoidally varying stress, or load on the sample, at a 
fixed frequency and recording the strain, or extension. The response of the 
sample to this can provide information on the stiffness of material (measured 
by its elastic moduli) and its ability to dissipate energy (measured by its 
damping)^. For completely elastic materials the strain is in-phase with the 
stress while, conversely, for purely viscoelastic materials the strain resulting 
from the periodic stress will be out of phase with the applied stress, lagging by 
90°, owing to energy dispersion as heat or damping. Polymeric materials are 
generally viscoelastic, the degree of which depends on the temperature at 
which they are analysed. Consequently, the behaviour of the material can be 
split into an “in phase” component, which is elastic-like in behaviour and is 
governed by the storage modulus (E’ or G’), and an “out of phase” 
component, which is viscous-like and governed by the loss modulus (E” or 
G” ). The phase angle, which is the lag of strain behind stress, can be
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described as the loss tangent, can be related to the recovery of the material 
after distortion, also called the damping of the material.
4.3.1 Preparation of samples
Initially, polymer samples were prepared in the form of plaques and this was 
achieved by filling moulds with the monomer. A sketch of the mould used to 
produce the polymer plaques is shown in Figure 4.19. The monomer was 
spooned into the wells in one of the PTFE plates while another was pressed 
down on top of it, ensuring that the plaques were cured in flat blocks. These 
PTFE plates were then sandwiched between two metal plates, and secured 
using screws through the four sections of the mould. The mould was then 
placed in a vacuum oven and heated slowly to a temperature of about 100 ‘C 
and left at this point for an hour to allow the monomer samples to melt and for 
crosslinking to commence. These materials tend to polymerise to form a solid 
resin which contains voids and bubbles as the viscosity increases. To reduce 
this problem the temperature was kept below the Tp to allow maximum 
crosslinking to occur by forming small dimers and oligomers before larger 
scale polymerisation. The temperature was then allowed to rise to the 
polymerisation temperature for each particular material, this information was 
taken from the DSC results and could be between 130 and 250 °C. The 
temperature was held at this point for a further 3 hours to ensure complete 
cure of the samples. After cooling the mould back to room temperature the 
polymer samples were then removed and sanded down to size, if needed.
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PTFE plate
PTFE plates
Metal plates
Screws pass through 
the entire mould
Monomer
Screws MonomerTop View Side view
Figure 4.19 Sketch of apparatus used for producing polymer plaques
With many of the monomers it proved to be quite difficult to produce a plaque 
that was void free. Samples containing bubbles and voids cannot be used in 
DMA analysis as these would present weak points in the polymer sample and 
would lead to distorted and inaccurate result with poor reproducibility. These 
materials are also quite brittle, in the dimensions required for these analyses, 
and so sanding them down to the correct dimensions caused breakages and 
lose of material. Consequently, alternative methods were investigated for the 
preparation of samples for DMA analysis. One practicable alternative was the 
use of powder clamps for use in the DMA. Powder clamps are small sheets of 
stainless steel with a small groove running down the centre, to allow the 
clamp to be pinched closed. Monomer samples (13 mg ±2 mg) were placed 
carefully in the powder clamps, which were then pinched tightly closed, giving 
a test sample with the dimensions 17.08 x 7.38 x 0.69 mm^. These were then 
placed in a vacuum oven and exposed to the same heating regime as detailed 
in the paragraph above. Powder clamps were supplied by John Gearing, of 
Gearing Scientific Ltd. and these ensure that each sample is uniform in shape 
and size.
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4.3.2 Experimental setup
There are many different experiments available when using DMA analysis 
dependant on the clamp chosen and the sample type. In this work a solid 
polymer sample was used, encased in a powder clamp, and a single 
cantilever clamp was chosen. This is the same setup as the dual cantilever, 
(Figure 4.20), but in single cantilever mode the sample is only clamped at one 
end and in the middle. This clamp is good for general purpose evaluations of 
rigid materials such as thermoplastics, through their Tg.
Figure 4.20 Duel cantilever clamp 14
A multifrequency mode was chosen for these experiments {i.e. controlled 
strain). In this mode the sample is deformed (or oscillated) at a constant 
frequency over a range of one or more amplitudes (strain). This was 
accomplished while the sample was being heated at a constant rate to 
observe the behaviour of the material with increase in temperature. The 
amplitude used in these experiments was 40 pm and the temperature ramp 
ranged from 30 'C to a temperature between 250 and 300 °C depending on 
the decomposition temperature of the sample, previously found using DSC.
4.3.3 Characteristics of curves
A typical DMA experiment gives three resulting thermograms, as shown in 
Figure 4.21. The storage modulus, E’, the green curve of the figure, 
represents the ability of the polymer sample to store energy (its elastic
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behaviour). The loss modulus, E” , the blue curve of the figure, reveals the 
tendency of the material to dissipate energy (viscous behaviour). The tan 5 
value, the red curve, is calculated from these two sets of data as,
tan 5 = E7 E”
and is defined as the ratio of energy lost to energy stored per deformation 
cycle. Peaks in the tan 5 curve occur when the impressed frequency matches 
the frequency of molecular relaxation through a thermally activated process, 
which can include glassy state relaxations occurring in the amorphous phase 
(labelled p, y transitions) the glass transition (labelled a) and crystalline phase 
relaxations^
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Figure 4.21 Typical DMA thermogram
The height and area of the tan 5 peak, which is associated with the Tg, can be 
related to the degree of cure, a, and the crosslink density, v. Weak and less 
obvious a-transition peaks suggest that the polymer sample has achieved a 
higher degree of cure with increased crosslink densities causing lower
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segmental mobility and fewer relaxing species^Conversely, a strong, well 
defined a-transition might suggest a lower crosslink density or lower degree of 
cure. If the crosslink density is high then there will be lower segmental 
mobility, i.e. there are fewer relaxing species in the material and so it will 
exhibit a lesser damping effect, as the energy put into the system cannot be 
dissipated through molecular motion. The glass transition for these materials 
is difficult to pin point accurately as one temperature value and so is quoted 
as a range with the midpoint selected as the extrapolated Tg. In DMA the Tg 
can be acquired from the tan 5 peak maximum or from the loss modulus peak 
maximum.
As the data gathered by DMA in these experiments was achieved with the use 
of powder clamps the results cannot be compared quantitatively with literature 
values, as the clamp itself will contribute to the results obtained. Data 
gathered without the use of powder clamps is discussed later in this chapter, 
as results of Hitachi’s in-house testing. While the data gathered from this 
technique cannot be accurately compared with literature values, the results 
can be compared within the data set providing “ranking” of the polymers 
tested. The features of the curves are as would be expected from a typical 
DMA experiment, showing transitions clearly. Moreover, use of the powder 
clamps allows quick screening of the mechanical properties of the samples, 
as limited preparation time is required before testing, and very small amounts 
of materials are required. Using the powder clamps the thermo-mechanical 
properties of the monomer could also be investigated, along with changes in 
these properties during the polymerisation of the material.
The thermogram taken from the clamp itself is shown in Figure 4.22. It has no 
peaks corresponding to molecular relaxations of the clamp itself and so will 
not mask or otherwise have any effect on the results obtained from the 
polymer samples.
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Figure 4.22 DMA results of empty clamp 
4.3.4 Reproducibility of scans
Figures 4.23 and 4.24 show the comparison of the results of two DMA 
experiments carried out on the same sample. Figure 4.23 shows a 
comparison of the tan delta results. The first experiment is shown in the lighter 
red colour with the rescan being the dark red curve. In the initial experiment 
the peak maximum for the a transition occurs at 110 °C, while in the second 
experiment it occurs at 120 °C, these data are reasonably close suggesting 
good reproducibility. The difference in the case of the first experiment might 
be due to some small differences in the sample, as in the first experiment 
there might be some residual curing taking place, which could explain the 
second peak/distortion occurring at around 155 °C, which is not present in the 
rerun of the experiment. The curve of the a transition peak is similar in the two 
thermograms but it appears slightly taller and narrower in the first experiment 
and shorter and broader in the rerun. This reinforces the theory that there is 
some residual curing taking place in the first experiment as with further cure 
the crosslink density of the polymer sample will be increased and segmental 
mobility reduced.
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Figure 4.23 Comparison of the tan 5 results for PK3-aniline
A similar set of results is observed for the loss modulus curves and as such 
they will not be presented here. Once again, the first experiment shows a 
taller narrower peak for the a transition and some distortion of the curve at 
slightly higher temperatures suggesting additional curing taking place.
Figure 4.24 shows a comparison of the storage modulus of the two 
experiments. The results for these curves are very similar, the main difference 
between the two is the change in gradient for the initial experiment, in lighter 
green, starts at a lower temperature, ~ 100 *0, appears shallower and ends at 
a lower temperature although the span of this gradient change is similar in 
length to that of the rerun.
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Figure 4.24 Comparison of storage modulus curves
These results show good reproducibility taking into account the residual cure 
occurring, as supported by the previous figures. If the crosslink density, 
determined by the extent of polymerisation, is low this will have an effect on 
the thermal and mechanical properties of the polymer, in this case lowering 
the glass transition temperature, with the second experiment producing a 
slightly higher glass transition temperature.
4.3.5 Comparison of experimental data
Data taken from the DMA experiments of a number of b/sbenzoxazine 
homopolymers are presented in Table 4.6.
Data are presented as taken from the storage modulus, tan delta and loss 
modulus curves. From the storage modulus curve the onset of the change in 
gradient of the curve is taken, as the elastic limit point, also the breadth of this 
feature is recorded as the “drop” size.
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For the tan delta curve the peak maxima are recorded, as the a transition, i.e. 
the Tg, and also the value of the integration of this peak. For this curve values 
are recorded for the width of the peak at its base (base width), also the width 
of the peak at half-peak height (Half peak width), along with the half peak 
height, and peak maximum in both °C and an dimensionless value for the 
height In the y axis. This value is arbitrary and cannot be used in comparison 
with literature values as it is contributed to by the metal of the powder clamp. 
It is however very useful for internal comparison of the data obtained by DMA 
experiments and is done in an attempt to have a quantitative comparison of 
the dimensions of the peak of the a transition to enable more precise ranking 
of the damping of the material, which is determined by peak shape and size 
and is better illustrated by Figure 4.25, which shows authentic DMA data.
Peak maximum
Peak height
Half-peak
Har-peakwii
Base widti
-1----------1--------- 1----------r
50 100
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Figure 4.25 Tan 5 a-transition analysis breakdown
The data gathered in this way can be used to compare the peaks more 
accurately by comparing the triangles formed from these values, as shown in 
Figure 4.26, in order to ascertain a relative comparison of the relaxation 
behaviour of these materials. In this way an impression of the toughness of 
the materials can be found, as relaxation behaviour is very similar to 
toughness, contributed to by the same structural features, although not the 
same.
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The triangles are drawn approximately, however, the values recorded from the 
curves clearly indicate that the PK3-a peak is taller and narrower than that of 
the a transition peak of the BisS-b material. This indicates that there is a 
greater degree of segmental mobility and a larger number of relaxing species 
in the PK3-a material than is observed in the BisSb. This could be due to a 
combination of a greater degree of cure in the BisS-b material, a greater 
crosslink density observed in this species and an artefact of the structure of 
the material. Similar methods have been utilised in the literature for 
comparison of DMA results of benzoxazines copolymerised with an epoxy, in 
differing weight % of the sample, involving comparison of position, height and 
half height width for the tan 5 peak^®.
OH
O H
PK3-a
OH
34.33  «C
8 5 .0 5  °C
BisS-b
15.1 x lQ -3
OH
80 .8 5  °C
3.48 X 10-3
128.91 °C
11.Ox 10-3
Figure 4.26 Comparison of values for a transition curves of two selected 
polymers
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The final curve, the loss modulus, is typically similar in shape and size to that 
of the tan 5 curve, with a few exceptions. The data gathered from these 
curves are the peak maxima and the integration of the curve.
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When looking over the entire data set some trends start to become apparent, 
in similarities between results. The most obvious similarities lie between the 
shapes of the curves, especially the a transition peak, of the PK3-a and 
BisAFe-a thermograms. The temperature that the a transition takes place at is 
very different for these materials, with the BisAFe-a peak occurring at a 
temperature some 100 K higher than the PK3-a material, but the shapes of 
the peaks are reasonably similar. However, the intensity, or sizes, of the 
peaks are different and this suggests that these two materials, while not 
sharing any common structural features, both have similar damping 
properties, with very narrow and tall Gaussian peaks for the a transition on the 
tan 5 curve. These two materials, therefore, show improved damping, relative 
to the other materials tested here, suggesting that these two materials will 
show reasonable toughness properties.
Another trend observed is the tendency for the DHAMS derivatives to display 
low temperature peaks as well as a larger peak representing the a transition. 
This is a novel b/sbenzoxazine monomer and therefore in the absence of 
literature data dealing with this material, the following hypothesis is put 
forward to account for the observed DMA data. The lower temperature peaks 
could be due to p transitions occurring, which are caused by functional group 
rotations rather than main chain motion. These motions cause significant 
alterations in the curve but do not represent the concerted movements 
required for crankshaft motion of the main polymer chain to take place, and so 
do not represent the Tg of the material. The nature of the bridge between the 
two aromatic rings in the polymer chain might be responsible for this p 
transition becoming such a significant peak, as similar effects are not found in 
the results for any of the remaining diols. The bridging group for these two 
materials is a stilbene group with the polymers having the general structure 
shown in Figure 4.27.
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OH
OH
Where R = CHg or OgHg
Figure 4.27 Generic polymer structure when using DHAMS to produce a 
benzoxazine
Compared with some of the other benzoxazines used in this work this material 
contains a bridging unit which displays restricted rotation around the double 
bond in the stilbene unit due to conjugation. Furthermore, the presence of this 
group ensures that, when there is enough energy put into the system, the 
stilbene will move in a jerky crankshaft type motion to a different conformation. 
This, in turn, causes motion in some surrounding groups. It would be 
expected, therefore, that the movement of this functional group would have a 
significant effect on the damping of the materials and the motion of this 
functional group would cause more changes in the volume of the polymer then 
simple rotation of CH3 groups, for example.
Another similarity, which is immediately obvious from comparison of all of the 
thermograms, is the shape and size of the a transition peak for all the benzyl 
derivatives. With the exception of the BisA material, these polymers 
consistently show broader and shallower a transition peaks in the tan 5 curve 
when compared with the other materials in this study. These data also appear 
to show two sections in the storage modulus curve where the gradients are 
different and the curve is not linear (Figure 4.28). It seems that under stress 
these materials are behaving in a slightly different fashion to the other 
samples, due to the incorporation of the benzyl group into the polymer 
structure. Looking carefully at the tan 5 and loss modulus peaks the two
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changes in the storage modulus curves seem to occur at the same time as a 
shoulder occurs in the a transition peak of the other two curves. From the 
DSC experiments it was clear, through the shape of the polymerisation peak, 
that two or more processes were occurring during polymerisation, possibly 
forming more than one structure in the polymer chain (Figure 4.8). The nature 
of the storage modulus curve and the shoulders on the a transition peaks of 
the tan 5 and loss modulus curves suggest that two or more processes 
occurring at the glass transition temperature for these benzyl derivatives, 
which could be due to the differences in the polymerised materials. In the 
other samples investigated in this work it is likely that polymerisation occurs 
mostly through the pathway that forms the structure shown in Figure 4.8 A, as 
this is the most favourable form due to stabilisation of the intermediate 
through hydrogen bonding. The second peak or higher temperature shoulder 
of the DMA results might be due to the formation of the second polymer 
structure in greater yield (Figure 4.8 B).
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Figure 4.28 Storage modulus curve for 4,4’-Biphenol-benzylamine polymer
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The DHPE-benzyl material, however, does not appear to have a shoulder on 
the a transition peak, but rather appears to have a smaller peak at a slightly 
higher temperature, ~ 200 -C, corresponding with a change in the storage 
modulus curve.
The results of the BisS-a polymer appear to be completely different from the 
other materials tested here. Rather than display the normal peaks 
representing the a transition, on the tan 5 and loss modulus curves, there is a 
small change in the baseline observed. No a transition can be taken from this 
curve and so the Tg of the material cannot be estimated from these results.
From the data displayed in Table 4.6, it appears that the methyl derivatives 
consistently display high temperature values for the a transitions, but the 
shape and size of these peaks varies with alteration of the diol. The allyl 
derivatives also display high temperature a transitions but typically show very 
shallow peaks for this transition, with very little change from the baseline 
observed. These amine and diol effects are investigated in the following 
sections.
4.3.5.1 Comparison of amine
Figure 4.29 shows a comparison of four DMA curves {i.e. tan 5 results) of 
selected benzoxazines. In these materials, the diol used in the synthesis of 
the monomer (e.g. DHPE) is kept constant, but the amine used is altered. By 
comparing these data it is hoped that the effect of the pendant group on the 
Mannich bridge, determined by the amine, can be observed and the 
relationship of this structural feature to the toughness of the polymer 
determined.
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Figure 4.29 Comparison of four DMA traces, keeping the diol constant but 
altering the amine
All four curves show very different features, with few similarities between 
them. The thermogram of the methyl derivative shows only one peak, 
representing the a transition for this material. The peak is reasonably sharp 
and appears almost Gaussian in shape, except at the peak maximum where 
there appears to be some shouldering. DSC data for this particular material 
indicate that polymerisation occurs at around 110 °C, so this minor peak 
cannot be due to residual cure at this temperature. It is more likely that the 
shoulder is due to motions in the polymer chain, aside from the main chain 
rotation, causing alterations in the curve, but not significant enough to cause 
larger peaks to appear on the thermogram.
The benzyl derivative exhibits two significant peaks on the thermogram. The a 
transition is the Gaussian peak in the range of 110 to 160 -C, this is then 
followed by a smaller peak appearing at the higher temperature of ~ 190 -  
200 -C. This is caused by relaxations occurring in the crystalline phased The 
a transition for the benzyl derivative appears shorter and broader than that of
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the methyl derivative, this suggests that this material is exhibiting less 
damping, i.e. less motion of the functional groups of the chain. This ties in with 
the differences in the structures of these two materials as the benzyl group, 
being bulky will have less freedom for rotation than the relatively small CH3 
group of the methyl derivative. This suggests that of these two materials the 
methyl derivative might be expected to show greater toughness properties.
The aryl derivative of this data set exhibits the largest, broadest peak in 
comparison with the other materials. The breadth of this peak suggests that 
this material exhibits increased damping meaning that there is a lot of 
molecular motion occurring in this material to absorb the energy put in by 
subjecting it to stress. This suggests that this polymer would be tough, relative 
to the others in this data set, as more energy can be absorbed before 
fracturing occurs.
The last curve displayed in Figure 4.29 is that of the allyl derivative. This 
particular curve has one very broad, shallow peak representing the a 
transition. The shallowness of this curve suggests that it will be the least tough 
of all the materials displayed here. A very shallow peak like this is indicative of 
increased crosslinking, which would be expected as this material can undergo 
both ring opening and free radical addition polymerisation and so would be 
expected to have a greater crosslink density. With the increase in the amount 
of crosslinking it can be expected that the molecular motion exhibited by this 
material would be reduced and as such less energy could be absorbed by the 
polymer, reducing its damping ability.
From the shape and appearance of the a transition peak for these four 
materials they can be ranked qualitatively in terms of their damping as follows,
allyl < benzyl < methyl < aryl.
This follows the expected trend as the allyl group will have a higher crosslink 
density one might expect it to be the most brittle of these materials. The 
benzyl group will be a very bulky pendant group and so motion around the
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
166
Mannich bridge will be restricted reducing the damping possible for this 
material. The methyl group is small and flexible and will allow maximum 
rotation for greater damping. The aryl group, while being bulky and causing 
some steric hindrance to rotation appears to display greater damping than 
even the methyl group. This could be due to the bulkiness of the aryl group 
causing the polymer chains to not pack as closely together as is possible for 
the other materials discussed here. The chains of the benzyl derivative will be 
able to pack closer due to the CH2 group allowing some more flexibility this 
pendant group, therefore the aromatic ring will be able to move with some 
freedom, allowing the polymer chains to stack closer together. The stacking of 
the chains will also have an effect on the intermolecular bonds able to form 
between polymer chains, such as van der Waals and hydrogen bonds. The 
closer the proximity of the chains, to each other, the increase in the likelihood 
of these interactions occurring.
Figure 4.30 shows the comparison of the storage modulus curves for the 
same set of materials as discussed in the paragraphs above. The storage 
modulus, or elastic modulus, is linear within certain limits however under 
pressure, i.e. stress or strain, processes, such as molecular relaxations, 
cause alterations in the curve. The point where the gradient of the curve 
changes significantly is the elastic limit, which, for polymers, is typically large, 
where the material no longer undergoes a change in strain in linear proportion 
to the change in stress. So the storage modulus characterises the ability of a 
polymer to store energy.
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Figure 4.30 Comparison of storage modulus of selected benzoxazines
The glass transition temperature for these materials, that is the maximum of 
the a transition peak, follows the trend of
benzyl < aryl < methyl < allyl
as found from the DMA experiments, with the benzyl peak appearing at the 
lowest temperature and the allyl being the highest temperature transition. The 
allyl group, exhibiting the highest crosslink density, due to the vinyl 
polymerisation, could be expected to show the highest value for the Tg as a 
greater amount of energy is required for main chain rotation to occur.
Figure 4.31 shows the comparison of the tan 5 curves of another data set, 
where the diol is kept constant, as Bisphenol A, but the amine is altered. Once 
again with this data set the allyl derivative displays the highest value for the Tg 
but appears to show the least amount of damping, with the a transition peak 
for this curve being very shallow and broad.
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Figure 4,31 Comparison of thermograms, constant diol (Bisphenol A) altering 
amine
Again, similar to the trends noticed in the previous data set the benzyl 
derivative shows the lowest value for Tg, however it shows the greatest 
amount of damping, with the broadest and tallest peak for the a transition. In 
the previous set of materials the benzyl derivative had a shallower peak, and 
also appeared to have a second peak at a slightly higher temperature. This 
feature does not appear on the Bisphenol A curve, which suggests that the 
peak is not given rise to by the benzyl group, as it would appear in both 
curves. It could be due to the residual cure of the monomer or more likely is 
caused by the diol portion of the monomer rather that the amine.
Once again with these materials, the allyl derivative shows the lowest 
damping, with the broadest, shallowest peak. However, beyond this the 
similarity ends, with the bisphenol A materials following the trend,
allyl < methyl < aryl < benzyl
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The differences in these two trends suggest that the damping, while affected 
significantly by the amine used in the production of the benzoxazine, does not 
have the same affect as varying the diol, suggesting that the diol itself has a 
significant role also, which is investigated further in Section 4.3.2.5.
The pattern of increasing Tg for the bisphenol A materials is as follows
benzyl < aryl < methyl < allyl
with the benzyl derivative showing the lowest value for Tg and the allyl 
material the highest. This follows the same trend as observed with the 
previous data set, with DHPE as the diol.
4.3.S.2 Comparison of diol
Figures 4.32 and 4.33 show overlays of a number of DMA traces of 
benzoxazine polymers where the amine used to produce the monomer is 
constant, in this case as aniline, but the diol used in the reaction is varied. The 
curves are split into two figures in no particular order, but to make the 
similarities and differences between them clearer.
Figure 4.32 shows a comparison of the results of PK3, 4,4’-biphenol, 
bisphenol A and bisphenol S materials. Of these four materials the PK3 
derivative, which has an alkoxy bridge unit between the two aromatic rings in 
the polymer chain, shows both the lowest a transition and the sharpest, tallest 
peak (the black curve). This is the anticipated result, as the very flexible 
alkoxy bridge unit will have the effect of both increasing the damping of the 
material, relative to the others tested here, due to increased freedom for 
rotation of the alkoxy bridge, providing an outlet for energy put into the system 
and also have the lowest Tg value for the same reasons.
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Figure 4.32 Comparison of four DMA traces
In comparison to the PK3-a peak the BisA-a a transition (of the green curve) 
is broader and shallower, suggesting that less damping occurs in this material. 
The PK3 structure contains the very flexible and mobile alkoxy bridge 
between the aromatic chains in the backbone, while in the BisA material this 
unit is an isopropylidene bridge, which will be a great deal more restricted in 
its rotation. Therefore, this material would be expected to be able to absorb 
and disperse less energy through rotation. For this material the a transition 
occurs over a higher temperature range as with restricted motion around the 
unit between the aromatic rings in the polymer backbone, a greater amount of 
energy, in the form of heat, is required to be put into the system before 
concerted motion of the monomer units in the polymer chain occurs.
The curve of the 4,4’-biphenol-a, 4bipha (red curve) on Figure 4.32, shows a 
higher degree of electronic interference {i.e. noise) than the other three curves 
displayed. However, this curve appears to have a higher temperature a 
transition than the two described previously, due to the increase in steric 
hindrance towards rotation. This polymer will have no bridging unit between
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the aromatic rings in the polymer chain and so will display even more 
restricted motion than the BisA, isopropylidene group, as the tt  cloud of the 
aromatic groups will extend over both rings, making them unlikely to rotate 
with any freedom. Owing to the poor signal : noise ratio, it is difficult to see 
clearly the shape of the a transition peak, however it seems to be a short, 
broad peak, which is not very Gaussian in appearance. This is to be expected 
for this material, as the restricted rotation makes it less likely to display high 
damping properties.
The last curve on this figure contains the results obtained from BisS-a (blue 
curve). This material behaved differently from the previous three as the a 
transition peak onset point apparently falls around 110 °C but the peak does 
not return to the baseline to produce a true peak for the a transition. On 
polymerising this material using the method described in Section 4.3.1 using 
the mould shown in Figure 4.17 it was observed that rather than forming a 
polymer plaque, this material sintered to form a solid mass rather than 
producing a true molten state.
Figure 4.33 shows a comparison of four DMA results of the DHAMS, DHPE, 
BisAFe, and BisT (Thioa) polymers, with aniline as the amine used in the 
reaction to produce the monomer. The DHPE (purple) and BisT (grey) curves 
are very similar in the higher temperature region. The a transitions for these 
two materials appear very similar in shape and magnitude, with the DHPE 
material displaying a slightly narrower, sharper peak. These two materials are 
very similar in structure, which would explain their comparatively similar 
peaks, as the ether linkage on the DHPE material, i.e. a lone oxygen atom as 
the bridge between aromatic rings, is exchanged, in the case of BisT, for a 
sulphur group. While the sulphur group will take up more volume this does not 
appear to have a significant effect on the mechanical properties of the 
polymer. These two materials display the strongest peaks for the a transition 
for this set of four polymers and so of these materials will display the greatest 
damping.
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Figure 4.33 Comparison of four DMA traces
The DHAMS and BisAFe curves also share some similarities in that the peaks 
for the a transitions for these two materials appear at similar temperatures, 
and extend over comparable temperature ranges. However, the two peaks in 
shape: the BisAFe peak, while representing a similar AH (51.6 MPa-min) to 
that of DHAMS (59.2 MPa-min), appears to be sharper and slightly narrower 
at the peak maximum. The DHAMS curve is shallower and flatter at the peak 
maximum and this suggests that the Bisphenol AFe material has higher 
segmental mobility than the DHAMS species. This equates to a greater 
number of relaxing species, allowing the former to achieve greater damping 
and this fits with the differences in the structures of these materials. The 
DHAMS material contains the reasonably inflexible stilbene unit as the bridge 
between aromatic rings, while the BisAFe material contains the more flexible 
hexafluoroisopropyl linkage.
On Figure 4.33 there appear, on some of the curves, to be some lower 
temperature relaxations producing small peaks, p transitions. These smaller 
segmental motions of functional groups, rather than main chain rotations.
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occur at lower temperatures for the DHAMS and DHPE materials, in this data 
set, and also appear to occur in the BisAFe material at only a slightly lower 
temperature than the a transition for this polymer.
On the comparison of the eight thermograms displayed in the two figures 
(4.32 and 4.33) the sharpest and narrowest peaks, corresponding to the 
materials which display the best damping, belong to the DHPE, BisT and PK3 
materials, which contain the most flexible functional groups. Conversely the 
materials which, in this data set, show the lowest damping are the BisS 
material, which did not undergo cure, DHAMS and biphenol materials with the 
shallowest and broadest a transition peaks.
The peak maxima for the a transitions, and thus the Tg for these materials as 
found by using DMA, follow the trend shown below:
PK3 < BisA < DHPE* < BisT < Biphenol < DHAMS* < BisAFe*
with the * indicating the material which also displays a p transition. The BisS 
material is not included as it did not undergo cure as the rest of the materials 
discussed here. This trend follows the expected pattern, as the trend of 
increasing Tg seems to tie in with the trend of decreasing flexibility of the 
bridge unit.
Of the materials tested, a further two polymers (DHPE-b and DHAMS-m) 
showed additional transitions. These five curves are compared in Figure 4.34.
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Figure 4.34 Comparison of tan delta curves of materials showing low 
temperature, (3 transitions
The DHAMSm (green), DHPEa (blue) and DHAMSa (black) curves have (3 
transitions that appear very similar in shape, being broad and spanning a wide 
temperature range, with the peak appearing almost as a plateau rather than a 
more Gaussian shape. For these three materials the (3 transition represents 
quite a significant motion to result in peaks which appear only slightly smaller 
than that of the a transitions for these materials. The (3 transition is typically 
caused by movements of functional groups, which does not require the 
concerted motion of more than two or three segments of the polymer, i.e. is 
not the crankshaft motion of the polymer backbone. For these three materials 
the large peaks for a p transition can be explained by evaluating their polymer 
structure e.g. the DHAMS materials contain a reasonably inflexible stilbene 
group in the polymer backbone. The low temperature transition appears in two 
of the polymers containing DHAMS (with the methyl and aryl derivatives) and 
so this transition can be attributed to the diol used to produce the monomer, 
rather than the amine. The DSC traces for these two DHAMS materials do not 
show any lower temperature transitions on the rescan, when the Tg of the
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material is examined. This also suggests that the cure should be complete 
after the heating regime employed for these samples, as described in Section 
4.3.1.
The two remaining curves in this figure are somewhat different, showing 
smaller additional transitions, for the BisAFga (red) curve a small peak at ~
135 °C, and for the DHPEb (purple) a transition at a higher temperature than 
the a transition, at 190 °C, which is may be caused by relaxations in the 
crystalline phase, a'c\
4.4 TMA
Thermomechanical analysis is a technique used to investigate various types 
of mechanical data using different modes. Information can be obtained by 
measuring penetration, extension, flexure and torsional deformation. 
Penetration is the technique that was used in this work to measure the 
expansion and contraction of a sample under compression as a function of 
temperature^^. The data gathered from this experiment were used to 
determine the coefficient of thermal expansion (GTE) of the materials from the 
slope of the curve, where the change in linear dimension of the sample was 
plotted against temperature. TMA can also be used to verify the glass 
transition temperature and melting temperature, if appropriate, of the sample.
4.4.1 Preparation of samples
Samples used in TMA analysis were prepared as described in Section 4.3.1.
In the case of DMA experiments is important that the dimensions of the 
sample be accurate and the sample be uniform in shape. In using TMA it is 
important that the sample be of uniform thickness at the point where the probe 
rests. Consequently the previously detailed method of producing polymer 
plaques yields samples which, although not suitable for DMA experiments, 
can be used successfully in TMA experiments by shaving off the portions 
which contain voids.
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4.4.2 Characteristics of curves
The results from TMA can be used to ascertain the coefficient of thermal 
expansion of the material as well as giving its Tg. The latter can be used to 
validate these results against DSC and DMA data. The GTE, which is the 
slope of the curve at low temperatures, gives an indication of the amount of 
expansion of a solid material on heating, determined by the molecular bond 
lengths and angles increasing with increase in stored energy.
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Figure 4.35 Typical TMA plot
Figure 4.35 shows a typical TMA plot, in this case the results of the TMA 
experiment on BisA-m benzoxazine. The GTE value is the gradient of the 
curve before the Tg, and can also be quoted as the gradient of the curve after 
Tg has occurred. For these materials the GTE is quoted in pm/-G, the 
expansion of the polymer samples thickness (pm) per -G. In common 
techniques, the Tg of this material cannot be quoted reliably as a single value 
and so could be quoted as a range, at which the gradient of the curve 
significantly alters. At this point there is enough energy in the polymer system 
to allow freedom of rotation for the polymer backbone and the volume of the
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
177
polymer will start to increase dramatically as molecular bonds and angles 
change while they rotate. In this work the Tg is estimated as the midpoint of 
this range under which significant alterations in gradient are observed.
4.4.3 Comparison of TMA results
Table 4.7 shows the data gathered from a series of TMA experiments on 
selected benzoxazine polymer samples.
Table 4.7 Data gathered from TMA experiments on selected benzoxazines
Sample GTE (ppm/-G) Tg (=G)
Biph-a 36.6 137.4
BisAFg-a -65.7 166.4
BisS-a 106.7 145.5
DHPE-a -29.5 133.7
DHPE-b 276.8 67.2
BisA-m 125.9 192.4
BisS-m 150.8 162.3
DHPE-m 55.73 168.3
Out of this data set the DHPE-b material showed the largest expansion under 
heating, while the biphenol material showing the smallest expansion. On 
heating the biphenol materials will not rotate freely due to the constraints of 
the structure and as such might not be expected to show any change in 
dimensions of the sample on heating. The DHPE materials have more 
freedom for rotation around the bridging groups and so different 
conformations of the polymer chain can be achieved leading to expansion.
4.5 Tests undertaken by Hitachi Chemicai Co. Ltd.
Selected benzoxazine samples were sent to Hitachi Chemical Co. Ltd. for the 
evaluation of their mechanical properties, using techniques not available at 
the University of Surrey or to validate measurements made in-house. The 
benzoxazines chosen were all aryl derivatives, with a variety of diols selected
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to represent materials which would be expected to show good toughness 
properties, e.g. the ether and thio material, and also those that would be 
expected to show poor toughness properties, e.g. the biphenyl material. The 
aryl materials were chosen for this testing as DSC and DMA experiments run 
on these materials have shown that they produce clear results, without 
additional artefacts on the curves, and the polymerisation of these materials 
into polymer plaques is successful, without voids in the material, unlike the 
methyl derivatives. Furthermore, the aryl derivatives form the most compete 
data set, with DSC, DMA, and TMA data acquired in the course of this work 
and also available from literature sources.
The results of the tests run at Hitachi are summarised in Table 4.8 and were 
gathered from TMA, and dynamic viscoelasticity (DVE) experiments along 
with the dielectric properties of the samples and some flexural data.
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4.5.1 Dielectric properties
The dielectric constant is an important property of these materials if they are 
used in printed circuit boards. In this role, the polymer layers will act as 
dielectrics, i.e. the magnitude of the electrical field will be affected by the 
polymer so if a material with a high dielectric constant is placed in a electrical 
field, the magnitude of the field will be reduced within the volume of the 
dielectric. The dielectric constant, also known as the relative permeability, is 
actually measured as a relative value, to the permittivity of a vacuum, and is 
the ratio of the amount of stored electrical energy when a potential is 
applied^®.
The effective area of the electrode must first be calculated to find the 
permittivity of a material. If the sample is cylindrical this is done using the 
following formula,
A = tt / 4  X (De)^
where De is the average diameter of the sample, and for square or rectangular 
samples,
A = L (length) x W (width)
This calculated value can then be used, along with the measured capacitance 
of the sample to give the permittivity.
Permittivity = Cs t / 0.225 A
where 0 $ is the capacitance, in picofarads, t is the average thickness of the 
sample, in inches, and A is the effective area of the sample, in square inches
Related to this value is the dissipation factor, also known as the loss tangent, 
which is a measure of the rate of loss of power of a mechanical mode, such 
as an oscillation, in a dissipative system. This is calculated as
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
182
Loss tangent = ( Gs / w Cs ) x 10®
where Gs is the measured conductance of the sample, in microsiemens, Os is 
the capacitance, and w is a constant value which is equal to 2 tt x  frequency 
(in Hz) = 6.28 x 10® (where the frequency is 1 MHz)^®.
For the materials being tested a low dielectric constant and low dissipation 
factor are both desirable to make them comparable with existing PCB 
materials, which include materials developed by Rogers Corporation, 
specifically R04000 and Duroid materials^®, Cuclad type GT and GX 
materials^\ polyimide^^, and epoxy resins^®. The data for these materials are 
compared in Table 4.9.
Table 4.9 Comparison of benzoxazine dielectric behaviour with selected 
commercially available materials
Material Dielectric constant 
(1 GHz)
Dissipation factor 
(1 GHz)
BisA-a 3.55 0.0176
BisAF 0-a 3.49 0.0220
Biph-a 3.88 0.0215
DHPE-a 3.90 0.0199
BisT-a 3.83 0.0181
Rogers Duroid 2.33 0.0005
Rogers 4000 3.38 0.0027
Cuclad GX (Arlon) 2 .4 - 2.6 0.0018
Cuclad GT (Arlon) 2 .4 - 2.6 0.001
Kapton® FPC 3.4 0.0018
Epoxy resin (Isola) 3.8 0.013
The BisA and BisAFe-a benzoxazines display the lowest values for the 
dielectric constant from the synthesised materials with the DM PE material 
giving rise to the highest value.
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On comparison of these experimental values with data available for 
commercially available materials the benzoxazine materials seem to fall in the 
same range, falling in the middle to upper ranges for the materials displayed 
here.
Similarly, for the dissipation factor, the benzoxazine materials perform well, 
but display slightly higher values for this property than is found in the 
commercial materials.
4.5.2 Thermomechanical data for b/sbenzoxazines
The data gathered from samples at Hitachi Chemical Co. Ltd. is compared in
Table 4.10 with data from commercially available materials. Values quoted 
are expansion in the Z direction only. Fewer data are available for the 
coefficient of thermal expansion after the glass transition had occurred, but 
where possible this information is detailed for comparison with data from 
Hitachi Chemical Co. Ltd.
Table 4.10 Comparison of CTE data for selected b/sbenzoxazines with 
commercial systems
Material CTE (pre Tg) 
(ppm/°C)
CTE (post Tg) 
(ppm/°C)
Tg
i°C)
BisA-a 50 163 154
BisAFg-a 48 243 211
Biph-a 47 144 149
DHPE-a 48 157 155
BisT-a 45 184 173
Rogers 4000 46* - -
Rogers Duroid -115° - -
Epoxy resin 55° 275 185
Kapton® FPC 20 - 360-410
Cuclad GT/GX 177 - -
-55 to 288 °C, -50 to 150 °C,  ^-14 to 38 'C, - = data not available
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The CTE for the commercial materials covers a wide range of values, with the 
b/sbenzoxazine samples being most comparable with the Rogers 4000 
material and the epoxy resin. The lowest value for this coefficient is most 
desirable, as expansion under heating during the construction of a circuit 
board will have a detrimental effect on its operation. Of these materials, the 
bisphenol T material performed best at temperatures below its Tg, at which 
this material would be utilised.
4.5.3 DVE results
Results obtained from dynamic viscoelasticity tests give storage moduli for 
materials, along tan 5 peak maxima, i.e. the maximum for the a transition 
curve, and Tg values for the materials.
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Figure 4.36 Comparison of storage modulus curves for selected 
b/sbenzoxazines
The storage modulus curves for the five materials successfully tested at 
Hitachi Chemical Co. Ltd. are overlaid for comparison in Figure 4.36. In 
general, the curves are very similar in appearance, especially those of the 
DHPE (green), biphenol (black) and bisphenol A (blue) materials, with similar 
changes in gradients. The differences between these three curves is the 
starting point, i.e. the storage modulus at 50 "C which is highest for the
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biphenol material and lowest for the bisphenol A material. The bisphenol T 
(purple) material follows a similar trend to the three previously discussed, but 
displays a lower modulus (at 50 °C) than the bisphenol A material, and also 
displays the change in gradient of the storage modulus curve at a slightly 
higher temperature. The DHPE material (red) appears different again from the 
other four, with a lower again start modulus and a much higher onset than 
previously seen.
4.5.4 Flexural tests
The flexural strength of a material is its’ ability to resist deformation under 
stress and the basic experimental setup used for this procedure is as shown 
in Figure 4.37.
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Figure 4.37 Diagram showing testing of flexural strength2 4
For materials that deform significantly but do not break, the load at yield, 
typically measured at 5% deformation/strain of the outer surface, is reported 
as the flexural strength or flexural yield strength. Flexural stress is plotted in a 
graph against flexural strain (%) to give a stress -  strain diagram and the 
flexural modulus can be calculated from the slope of the stress vs. deflection 
curve^®. The data obtained for the b/sbenzoxazine materials is compared in 
Table 4.11 with data gathered from a number of different polymer systems for 
use in electronic and other applications. These values are a measure of the 
stiffness of these materials, low values for the flexural strength and modulus 
indicate a more flexible material while higher values indicate a stiffer 
materials, with some materials exhibiting properties comparable to metals, 
such as polyimide reinforced with glass fibres.
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Table 4.11 Comparison of flexural properties of b/sbenzoxazines with 
commercially available materials
Material Flexural strength 
(MPa)
Flexural modulus 
(GPa)
BisA-a 161.1 5.6
(0
BisAFg-a 146.7 5.0
8 Biph-a 26.2 4.2
(D
1
DHPE-a 126.1 6.2
BisT-a 131.5 5.9
Polyimide 140.0 3.0
Rogers 4000 275.0 -
Teflon GT/GX - 3.1
Polystyrene 70.0 2.5
The data gathered from the b/sbenzoxazine set vary quite significantly in 
terms of their flexural strengths. The lowest value shown is that produced by 
the biphenyl material (Table 4.11). Furthermore, this material might be 
expected to show low flexural strength due to its molecular structure {i.e. the 
directly bonded phenyl rings). The DHPE and BisT materials show similar 
values for flexural strength falling just below that seen for unmodified 
polyimide.
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Polyimide
o
Poly(bisbenzoxazine)
(where X = S, O and R = methyl, aryl etc group)
Figure 4.38 Comparison of polyimide and poly(b/sbenzoxazine) structures
On first inspection, the structures of these two polymers, shown in Figure 
4.38, appear very different. However, they do share some similarities which 
might explain the comparability of their flexural properties. Both materials 
contain similar bridging groups (e.g. -  0  -  and -  S -  ) between aromatic rings 
in the polymer backbone, which can confer some flexibility on the chain. 
Similarly both materials contain further flexible portions in the chain, the 
Mannich bridge of the benzoxazine and the isopropyl linkage in the polyimide. 
Finally the extent of the crosslinking between polymer chains in the 
benzoxazine material is expected to be high {i.e. leading to a fully crosslinked 
polymer network) whereas in the polyimide material, the nature of the 
functional groups allows charge transfer complexes to be constructed 
between polymer chains. This causes the chains to stack together in a regular 
pattern and holds the chains together tightly, although to a lesser extent than 
actual covalent bonds between chains.
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The BisAFe and BisA-a materials tested show high values for flexural strength 
suggesting that these materials are very stiff.
4.6 Conclusions
DSC experiments were used in this work to investigate the thermal properties 
of the materials produced. The Tg values of the materials were evaluated and 
compared and the polymerisation processes for these benzoxazines were 
investigated. An important feature of polymeric materials is their processability 
which can be partly determined by the amount of time, i.e. the temperature 
range, over which the material is in a molten state prior to polymerisation. For 
the materials studied in this work the PK3-a and BisA-a materials were molten 
over the largest temperature range, approximately 100 K, while materials 
containing methyl functional groups typically performed poorly in this respect 
with polymerisation occurring before the monomer had achieved a fully molten 
state.
It was found, on comparison of various data sets that the change in amine, 
used in the production of the benzoxazine monomer, had a more predictable 
effect on the polymerisation of the material. Typically, monomers containing 
aniline as the pendant group on the nitrogen produced more bell-shaped 
peaks, however unsymmetrical in nature, suggesting more than one 
polymerisation process occurring. Materials containing methyl groups in this 
position displayed broad polymerisation peaks which appeared to contain two 
peaks, as these materials begin polymerisation before melt is fully achieved 
suggesting that they first form lower molecular weight species, i.e. dimers and 
oligomers, which then go on to larger scale polymerisation. Allyl derivatives 
consistently display two distinct peaks for their polymerisation. This is due to 
polymerisation occurring both through heterocyclic ring opening and free- 
radical vinyl condensation. Through addition of a free radical initiator the two 
processes can be separated as the condensation reaction then occurs at a 
lower temperature, leaving the ring opening reaction to proceed at a higher 
temperature, ~ 250 °C.
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On comparison of the Tg values of these materials, the trend seems to be that 
the methyl and aryl derivatives show lower temperature transitions, with the 
allyl and benzyl occurring at higher temperatures. This could be due to 
increased crosslink density in the case of the allyl derivative and increased 
steric hindrance to rotation in the case of the benzyl derivatives.
It has been observed that, while changing the did used to produce the 
monomer has a significant effect on the polymerisation of the material, it is 
less predictable than the effect of the amine, which is more dominant. When 
varying the diol it was found that the PK3 materials displayed low Tg values, 
due to their greater molecular flexibility. Furthermore, the BisAFe materials 
displayed higher values, due to restricted movement through steric hindrance.
DMA was used to evaluate the damping, Tg (a transition peak maximum), 
storage modulus and loss modulus of the materials prepared in this work. 
Tests at the University of Surrey were run using powder clamps to avoid using 
samples containing multiple voids. Consequently, the moduli gathered 
through these experiments cannot be compared accurately with commercial 
values, as the clamps themselves will contribute to this value. Results gained 
through this method are self-consistent and can be compared with each other 
to obtain a “ranking” of the b/sbenzoxazine polymers relative to one another.
In order to compare the data acquired from the tan 5 a transition peak a 
number of values were taken from the curve, the peak base width, half peak 
width height and half peak height. With these data the shapes of the curves, 
as rough triangles, can be compared quantitatively.
Using this means the peaks for the a transition that suggest the greatest 
amount of damping for the materials were found to be produced by the PK3-a 
and BisAFe-a materials, which display the sharpest and narrowest peaks. In 
contrast, the materials containing benzylamine consistently showed the 
shallowest and broadest a transition peaks. Increased crosslinking, greater 
degree of cure or simply lower segmental mobility can cause the a transition
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peak to appear short and broad as there are fewer relaxing species within the 
polymer to disperse the energy.
Another trend noticed among the DMA results is that whilst there are some 
low temperature transitions observed, the DHAMS materials consistently 
display lower temperature transitions. These (3 transitions are caused by 
functional group rotations rather than main chain movements and so cause 
smaller peaks in the tan 5 and loss modulus curves.
Similarly there is a trend for the benzyl derivatives to display two changes in 
the gradient of the storage modulus. Moreover, the peaks for the a transition, 
of the loss modulus and tan 5 peaks display some ‘shoulders’ suggesting 
other motions occurring in tandem with the main chain crankshaft motions, of 
the transition of the material from a glass to a rubber.
On investigating the change in the curves with change in amine the aryl 
materials were found to produce the tallest, narrowest peaks, with the 
greatest damping while the benzyl and allyl materials competing to produce 
the shallowest and broadest peaks, suggesting that these materials show less 
damping, and are therefore more brittle. This trend was roughly followed for 
other data sets, where the diol remains constant and the amine is altered. In 
general, the greatest damping is shown by either the aryl or methyl material 
and the least damping shown by the benzyl and allyl materials.
On varying the diol rather than the amine it was found that the best damping 
properties were shown by the DHPE, bisphenol T and PK3 materials, these 
being among the materials containing the most flexible backbone units. The 
lowest damping was shown by the DHAMS and biphenol materials, which 
again can be explained as these materials will show the least amount of 
rotation around the bridging units between aromatic rings.
Several b/sbenzoxazines were chosen for more in-depth testing of their 
properties, which included investigation of their electrical, thermal and 
mechanical properties undertaken at Hitachi Chemical Co. Ltd. The values
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obtained from the b/sbenzoxazine samples compare quite well with 
commercially available competitors. The dielectric constant measured for the 
bisphenol AFe was the lowest and most desirable, out of the benzoxazine 
materials tested, falling in the middle of the range of the commercial systems, 
while the bisphenol A-a material showed the lowest value for the dissipation 
factor, which was slightly higher than the majority of the commercial systems. 
The commercial systems however tend to be blends of materials, in some 
cases reinforced with glass fibres, and so are tailored towards specific 
properties. Conversely, the b/sbenzoxazines were tested as homopolymers, 
and they still fared quite well in comparison. In future investigation blends and 
copolymeric systems could be used to further improve the dielectric properties 
of these materials.
The values measured for the flexural properties of the b/sbenzoxazine 
materials once again in general lie in the middle of the range, when compared 
with commercial systems. The biphenol material displays the lowest value for 
flexural strength with the bisphenol A material as the highest. The bisphenol A 
material has values which are comparable with unfilled commercial systems, 
although these are still very low when compared with reinforced systems. 
Once again, the properties of these materials might be improved to these 
standards with incorporation of a filler or by copolymerising with another 
material which displays higher flexural strength.
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Results and Discussion
Molecular Modelling
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5.1 Introduction
This chapter will explain not only the results of the molecular modelling and 
simulations carried out in this work but also, firstly, the history of molecular 
modelling in respect to this field of polymer research. The development of the 
methodology for these experiments will be described and some of the 
calculations used in these simulations explained. Also detailed in this chapter 
is the use of Gaussian 3.0 in the investigation of the feasibility of a proposed 
intermediate in the synthesis of b/sbenzoxazines using aniline. As explained 
in Chapter 3, section 3.3, the standard synthetic route proved less successful 
in the synthesis of benzoxazines when the amine used in the synthesis was 
aniline. It was hypothesised that this was due to the formation of a stable 
intermediate, containing a pseudo-six membered ring by hydrogen bonding 
with water. The formation of this intermediate would prevent further reaction 
and halt the production of a benzoxazine.
The use of molecular simulation is a relatively new field in the area of 
polymers and the amount of literature available on the subject, especially in 
the area of poly(b/s-benzoxazines) is limited. However, some investigation 
has been undertaken into the factors which might prevent monomers yielding 
high molecular weight polymers, using molecular mechanics (MM) and x-ray 
crystallography^ It was suggested that intra- or inter-molecular hydrogen 
bonding might contribute to the formation of a cyclic conformer which would, 
in turn, offer steric hindrance towards substitution at the chain terminus.
Ishida etal. based their studies on a dimeric unit, shown in Figure 5.1, and the 
atomic coordinates and bond geometries were supplied from an authentic 
model (previously synthesized and characterized using X-ray diffraction 
measurements).
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OH HO
Figure 5.1 Dimeric unit used in some molecular modelling studies^
The results of that early study suggested that the proposed conformer could 
accommodate intermolecular (-0H —O) hydrogen bonding and also, to a 
lesser degree, intramolecular (- OH—N) interactions and these are illustrated 
in Figure 5.2 (the associations are shown by the dashed green lines).
Figure 5.2 Inter- and intramolecular bonding in 6,6'-b/s(3,4-dihydro-3-methyl- 
2H-1,3-benzoxazinyl)propane (key; oxygen atoms are shown in red; nitrogen 
in blue; carbon in black, and hydrogen in white)
Kim and Mattice^ adopted a slightly different approach, employing fully 
atomistic molecular dynamics simulation to study the behaviour of HgO and Og 
penetrant molecules in a poly(b/s-benzoxazine). Their work established that 
the diffusion of these small molecules took place through a hopping 
mechanism: the penetrant molecule residing in the voids present in the 
amorphous polymer and occasionally hopping rapidly to a neighbouring void.
It was observed that at a simulation temperature of 450 K (selected to fall 
above the Tg), the diffusion coefficient for both penetrant molecules were
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similar, even though HgO would form hydrogen bonds while the Og would not. 
At 250 K (below the Tg) the polymer matrix was effectively frozen, thus greatly 
limiting mobility and making the study of diffusion phenomena time consuming 
and computationally expensive. The same workers found that the longevity of 
hydrogen bonds in the poly(b/s-benzoxazine) was greater with oxygen than 
that found when HgO was incorporated. As the diffusion time of the HgO 
(found to be of the order of 1 ps) in the polymer was shorter than the lifetime 
of the hydrogen bonds (which were of the order of several picoseconds), it 
was concluded that hydrogen bonding does not hinder the diffusion of the 
penetrants.
The results of these literature studies have been applied to our work with the 
aim of producing a suitably-parameterised and representative molecular 
model, initially in order to simulate selected physical and mechanical 
properties for a well-characterised polymer. The eventual aim of this process 
being to extend this validated model to simulate the properties of novel 
polymers comprising different backbones, binary blends, and copolymers.
5.2 GaussView and Gaussian
GaussView is the graphical interface for the program Gaussian 3.0. It can be 
used to construct molecular systems and to set up and run Gaussian 
calculations. GaussView can be used to visualise these results including 
optimised structures, molecular orbitals, electron densities, electrostatic 
potentials and other surfaces.
Gaussian is used in this work to investigate the feasibility of a pseudo-six 
membered ring by doing molecular orbital calculations on the intermediate 
structure with hydrogen bonding to a water molecule and comparing the 
potential energy of the highest occupied molecular orbital (HOMO) of this 
species to that of the Mannich base which is the product of the reaction of 
aniline with two moles of formaldehyde. The potential energy calculated can 
give insight into the stability of the molecule. The more negative the value the 
more stable the structure and the greater the likelihood of formation.
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5.2.1 Methodology
The first step in the calculation of the potential energy of the HOMO is the 
creation of an energy minimised model of the molecule in question. Using 
GaussView this is a simple matter of adding fragments to each other until the 
desired structure is obtained as shown in Figure 5.3.
^  J
Figure 5.3 Intermediate molecule built using GaussView
The bond lengths and angles of the model are adjusted such that they 
conform with the standards shown in Table 5.1.
Table 5.1 Standard bond lengths and angles
Bond C -H C -C G -N 0 - 0 0 - H 0 - 0
Standard bond 
length (Â)
1.09 1.54 1.47 1.43 0.98 1.39
Angle Tetrahedral
(sp')
Trigonal
(sp^)
Linear
(sp)
Standard bond 
angles (°)
109 120 180
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On energy minimisation these can be expected to change slightly due to the 
effects of the surrounding groups on the geometry. The energy of the 
molecule is minimised using the GuassView calculate command and by 
choosing the appropriate parameters for the calculation. The molecule is 
investigated in its ground state rather than in an excited state and the 
theoretical method used in this minimisation is molecular mechanics, 
imposing a Drieding forcefield^ on the atoms, described subsequently in this 
chapter. The overall charge on the molecule is zero however QEq"^  partial 
atomic charges are used and the molecule has singlet spin.
Once the geometry of the molecule has been optimised the energy minimised 
molecular orbital calculations can be done on the structure and the potential 
energy of the HOMO compared with that of the Mannich base, which is 
formed by reaction of one mole of aniline with two moles of formaldehyde, as 
shown in Figure 1.4, Chapter 1.
5.2.2 Comparison of intermediate with Mannich base
To determine whether the intermediate was a viable structure the potential 
energy of its HOMO was calculated. The water molecule to which the 
intermediate is hydrogen bonding was connected by covalent bonds to its 
appropriate hydrogen bond donor and acceptor, as this proved to be the only 
way to establish that there is interaction between these atoms prior to 
minimisation. On energy minimisation the bonds between these atoms were 
broken, however the water molecule remained in proximity to the 
intermediate, leaving the appropriate distance between the atoms as would be 
observed in a typical hydrogen bond, i.e. between 1.8 and 1.9 Â.
The molecular orbital calculation gave the result shown in Figure 5.4, with an 
energy of -0.233 eV for the HOMO.
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Figure 5.4 Screenshot of calculated HOMO
(N.B. partial view
of hydrogen bonded intermediate 
shown)
The structure shows the molecular orbitals of the intermediate including a tt 
cloud over the aromatic rings various orbitals surrounding the NH - CHz -  OH 
group and also there is an indication of a molecular orbital overlapping from 
the oxygen of the water with an hydrogen on the nitrogen, this can be seen 
more clearly in Figure 5.5. This suggests that there is a possibility that the 
electrons in the HOMO can be found between these two atoms, indicating that 
there is some interaction between them, i.e. some form of bond.
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Figure 5.5 Showing orbitals between water and intermediate structure
These results can be compared to the energy of the Mannich base, Figure 
5.6, which is formed in the reaction prior to cyclisation and formation of a 
benzoxazine ring. In this case the energy calculated by Gaussian for the 
potential energy of the HOMO was -0.145 eV. This is a higher (more positive) 
energy than that found in the intermediate material and suggests that this 
species is less stable than the hydrogen bonded intermediate, with a pseudo- 
six membered ring. As the intermediate is predicted to be more stable than 
the Mannich base formed in the first stage of the reaction it is likely that this 
does in fact occur experimentally. The benzoxazine in this reaction would then 
not form and the diol used in the reaction would be removed during the 
purification stages of the experimental procedure leaving behind a pure 
intermediate.
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Figure 5.6 Screenshot of calculated HOMO of Mannich base 
{N.B. Partial view shown)
5.3 Cerius^
Molecular simulations of the poly(b/s-benzoxazine)s were performed using a 
Silicon Graphics Origin 2000 multiprocessor machine termed ‘Proton’ at the 
U.K. Computational Chemistry Facility at The Rutherford Appleton Laboratory. 
The calculations ran under Irix 6.3 with the Cerius^ (Accelerys, Inc.) software 
package.
5.3.1 Building a model
The procedure for the creation of the models used in mechanical simulations 
follows, for the example of a polymer created from 6,6'-b/s(3,4-dihydro-3-
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methyl-2H-1,3-benzoxazinyl)propane, and is shown in a simplified form (for a 
single face of the cell) in Figure 5.7.
Initially, a two-dimensional model of each monomer was constructed using the 
‘crystal builder’ module (using the three-dimensional, 3-d, builder module) on 
an atom-to-atom basis to form a b/s-benzoxazine dimer with explicit hydrogen 
atoms and with each benzoxazine ring left as a non-bonded group. A 
Dreiding force field was imposed on the molecule (explained in detail later in 
this chapter) along with atomic partial charges. An energy minimisation was 
performed on this molecule using the second derivative method until it 
achieved convergence to a route mean square (RMS) force of 0.01 kcal mol'^ 
(energy minimisation techniques are discussed later in this chapter, section 
5.4). Four further monomers were added to form a pentamer and this 
structure (termed a single ‘unit cell’) was minimised until convergence, again 
to an RMS force of 0.01 kcal mol'\
In order to apply periodic boundary conditions (PBC), periodic cells were 
constructed in which the oligomeric chains contained within the cells were 
‘manually’ linked together by breaking and forming the appropriate bonds, 
thus forming a ‘crosslinked’, 3-dimensional network. Thus, two cells were 
visualised in the x-axis by moving necessary bonds close to one another and 
removing cell boundaries and the 3-d lattice (Figure 5.7, showing one face 
only for simplicity) was then built up by connecting the nitrogen atoms on non­
bonded benzoxazine rings and non-bonded carbon atoms in the benzoxazine 
dimer, across the x, y  and z directions of the structure. Additional unit cells 
were added to make both a 2  ^model {i.e. a ‘super unit cell’ comprising 8 
individual units) and then a 3  ^model {i.e. 27-unit super cell).
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5.3.1.1 Force fields
Using force fields allows us to impose the necessary information on each 
atom to ensure the structure is correct so that energy and force calculations 
can be made accurately. The information required consists of: atom types, 
atom-typing rules, functional forms for the components of the “energy 
expression”, and force field parameters. The energy of a structure is written 
as a superposition of various two-body, three-body, four-body, etc., 
interactions. Evaluation of the energy expression and its first derivatives 
yields the energy of the model and forces on it, which is vital for investigations 
into the properties of the computational models constructed.
The overall description of an N-body system in terms of a superposition of 
simpler terms is called a force field. It is an approximation as the exact 
description would involve solving Schrodinger’s equation for the electronic 
wavefunctions at each geometry^.
It is important to choose the correct force field to get reliable results from 
energy calculations. The force field used in this work is a Dreiding force field. 
This was developed for use in structure prediction and dynamics calculations 
of organic, biological and main group inorganic molecules. The advantages of 
using this particular force field are that it can be used for large and complex 
molecules containing a variety of functional groups due to its general 
robustness. The general force constants and geometry parameters are based 
on simple hybridisations rather than on specific combinations of atoms and as 
such this force field allows reasonable predictions for a very much larger 
number of structures including those with novel combinations of elements and 
those for which there are little or no experimental data. The drawback of this 
particular force field is that to make it generic enough to apply to a large 
range of structures the parameters are restricted to very simple rules which 
may lead to a lower accuracy for a specialised subset of molecules®.
Atom typing using Dreiding is accomplished by assigning five characters to 
each atom, this is done as follows:
• The first two characters assigned to each atom are the elemental 
symbol, e.g. C_ for carbon, Sn for tin.
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• The third character assigned represents the hybridisation state for that 
atom, e.g. 1=!inear, sp \ 2 = trigonal, spf; 3 = tetrahedral, sp® and R = 
an sp^ atom involved in resonance (for example in an aromatic ring).
• The fourth character indicates the number of implicit hydrogen atoms, 
for example, C_R2 is a resonant carbon with two Implicit hydrogen 
atoms.
• And finally the fifth character is reserved to indicate other 
characteristics of the atom, such as formal oxidation state or hydrogen 
bonding, e.g. an atom capable of forming a hydrogen bond will be 
labelled HB, H_b is the bridging hydrogen of a diborane.
Once the atom has been typed the properties or attributes of each individual 
atom can be determined. Those calculated are mass, charge and 
hybridisation. The atom mass is typically the normal atomic mass, however, 
when a hydrogen atom is implicit in the atom type the atom-type mass is 
larger than the atomic mass to take account of this, for example C_34 is sp® 
hybridised with 4 implicit hydrogens and its mass is calculated as being equal 
to the mass of carbon (12.011) plus the mass of the four implicit hydrogen 
atoms, 12.011 + 4(1.008) = 16.043 amu\
The charge assigned by the force field is simply a fixed value associated with 
the atom types. Overall neutrality of a model is rarely achieved by assigning 
force field atom types with partial charges being assigned to the atoms 
through Qeq calculations.
5.3.1.2 Energy Calculations
From the force field imposed on the model the optimum geometry for the 
model or the dynamics of motion can be determined. To do this the energy for 
an arbitrary geometry of the molecule is written as a superposition of various 
two-body, three-body, and four-body interactions. The overall description of 
an N-body system in terms of superposition of simpler terms is designated as 
a force field or an energy expression. The potential energy described in the
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energy expression is the sum of the various two-, three-, and four-body force 
terms, as shown in the equation below.
Energy = Ebond + Eangle + Etorsion + Ejpversion + EuB + Evdw + Ehbond
Valence interactions Non-bonded interactions
Valence terms describe the forces between bonded atoms, such as the 
energy contributed by the bond stretching, bond angles bending etc., and the 
non-bonding terms describe the through-space interactions of the atoms, 
such as van der Waals interactions, and hydrogen bonds.
It is important to complete energy calculations before any experiments can be 
run on the simulations. It is important to know the energy of the structures 
once they have been constructed and also the energy of the structures after 
any modifications have been made. Comparisons of these energies can tell 
us much about the stability of a simulated polymer. In many cases the terms 
described in the energy expression are complex but share common features. 
For the example the bond strength term, Ebond is the energy of bonded atoms 
which depends only on the distance, R, between atoms relative to the 
equilibrium bond length, Ro, in Â. The harmonic potential function, which is 
used in the Dreiding force field, is:
Ebond = V2 Kb (R -  Ro)^
where Rq = bond distance, Â, and Kb = the force field constant, (kcal/mol)/
The values of Rq and Kb depend on the bonded atoms and are assigned with 
the forcefield from the values shown in Table 5.2.
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Table 5.2 Geometric valence parameters for Drieding forcefield7, 8, 9, 10
Bond Bond Bond Bond
radius angle radius angle
Atom R q, â Go, ° Atom Ro, Â Go, °
H_ 0.330 180.0 SI3 0.937 109.471
H_H B 0.330 180.0 P_3 0.890 93.3
H_b 0.510 90.0 S_3 1.040 92.1
B_3 0.880 109.471 Gl 0.997 180.0
B_2 0.790 120.0 Ga3 1.210 109.471
G_3 0.770 109.471 Ge3 1.210 109.471
C _ R 0.700 120.0 As3 1.210 92.1
G_2 0.670 120.0 Se3 1.210 90.6
G_1 0.602 180.0 Br 1.167 180.0
N _ 3 0.702 106.7 In3 1.390 109.471
N _ R 0.650 120.0 Sn3 1.373 109.471
N _ 2 0.615 120.0 Sb3 1.432 91.6
N _ 1 0.556 180.0 Te3 1.280 90.3
0_3 0.660 104.51 L 1.360 180.0
0 _ R 0.660 120.0 Na 1.860 90.0
0_2 0.560 120.0 Ga 1.940 90.0
0_1 0.528 180.0 Fe 1.285 90.0
F_ 0.611 180.0 Zn 1.330 109.471
AI3 1.047 109.471
At an optimised geometry for the molecule R = R q, and so the Ebond term is 
zero. Figure 5.8 shows the energy profile for the Ebond term. At the point 
labelled Rq the energy is at its minimum point. As R becomes smaller than Rq 
the energy increases as the two atoms are forced together despite their 
mutual repulsion. Similarly, as R becomes greater than Rq the energy 
becomes greater as the bond between the atoms becomes longer. In reality 
as the distance between the two atoms increases the bond between them 
would break. However, the forcefield does not take this into account, but 
rather it increases the energy.
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R(A)R,0
Figure 5.8 Ebond energy profile
A similar energy profile can be observed for some of the non-bonding terms 
where the energy is dependent on the distance between two atoms, for 
example van der Waals, Ewdv and hydrogen bond terms, Ehbond- This can also 
be used for the Eangie term, as the angle between two bonds, e.g. the angle 
between bond IJ and JK in Figure 5.9, is increased and decreased from its 
optimum geometry.
K
J
Figure 5.9 Bond angle interactions
The Etorsion term is slightly different. Torsion is the rotation of any two bonds 
attached to a common bond, as shown in Figure 5.10, where the two bonds IJ 
and KL are attached to the common bond of JK. The dihedral angle, O, is the 
angle between the JKL plane and the UK plane.
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L
Figure 5.10 Torsion
Figure 5.11 shows the energy profile for this term. The torsional energy is at 
its lowest point, i.e. the optimal angle, when the bonds are in a staggered 
conformation, position a on the figure so that the steric hindrance caused by 
the bulky functional groups is minimised. The higher energy points on the 
figure occur when the functional groups are in an eclipsed position.
oc
LU
0R
R
b
Figure 5.11 Etorsion energy profile
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5.3.1.3 Charges
Charges should be calculated for the model after the force field has been 
applied. On application of a force field to a molecule an atom type charge is 
assigned to each atom, which is a fixed value associated with each individual 
atom. Overall neutrality of the molecule is therefore rarely achieved in this 
instance.
Electrostatic interactions play a critical role in determining the structures of 
systems and especially in defining the packing of organic molecules. The total 
electrostatic energy can be written as:
•coul ^ 0  —  — . c DI j > I £ hi jj
where Ecoui is the total electrostatic energy in kcal/mol, Qj and Qj are the 
charges (in electron units) on atoms I and j, Ry is the distance in Â between i 
and j, e is the dielectric constant and Co = 332.0637, the conversion factor^\
5.3.1.4 Energy minimisation
The energy of the molecules constructed needs to be minimised for the 
structure to adopt the lowest energy conformation. The energy is calculated 
using the force field energy expression detailed above. The minimisation 
continues until the RMS force is below a specified convergence value or after 
a specified number of steps have been performed. During the course of the 
minimisation, a plot of the total potential energy of the model versus step 
number is displayed. In a periodic structure, such as used in this work, there 
are two separate minimisers running in tandem. The coordinate minimiser 
adjusts the atom positions to reduce the force field energy and the lattice 
minimiser which alters the cell parameters to achieve the same. Several steps 
of coordination minimisation are performed first on the model followed by one 
step of lattice (unit cell) minimisation.
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5.3.1.5 Dynamics simulation
The dynamics module of the software performs molecular dynamics on 
structures and analyses the results. It can be used to investigate the 
behaviour and properties of systems at nonzero temperatures and as such 
the effects of thermal motion or applied external pressure can be determined. 
Several different types of molecular dynamics can be performed but in this 
work the constant temperature option is chosen. As opposed to energy 
minimisations, where the interaction energies are minimised, dynamics 
computes the forces and movement of atoms in response to an applied 
change. Atomic motions are calculated using classical mechanics according 
to the force field in use. At a time later a new set of coordinates and velocities 
are calculated for each atom from the forces, current positions and current 
velocities. This procedure is repeated for each new time increment where the 
time set is typically in the range of 0.001 ps. The change in the total energy of 
the system is brought about by the external forces applied, i.e. in this work 
application of a constant temperature. The NPT option is chosen for this work, 
meaning constant number of atoms (N), constant pressure (P), and constant 
temperature (T). The size and shape of the unit cell is allowed to vary.
5.3.2 Using molecular modelling to simulate Tg
The “super unit cell”, described in Section 5.3.1, was subjected to molecular
dynamics (MD) and the MD module in Cerius^ was used to simulate the glass 
transition temperature (Tg) by monitoring changes in cell volume, while 
keeping the number of atoms present, pressure and total energy constant {i.e. 
an NPT ensemble). As a polymer approaches its Tg its volume will tend to 
increase as the energy put into the system causes the bonds in the polymer 
to be able to vibrate and rotate with more freedom, and this change in volume 
is a traditional way of determining the Tg of a material^^. The volume change 
at a specified temperature was recorded after a period of 250 ps simulation 
steps (each of 1 fs). Simulations were initially conducted at 700 K and the 
final model saved to allow subsequent simulations to be undertaken on it at 
100 K intervals to a minimum of 200 K. Changes in cell volume were plotted 
against the entire working range of temperature and the inflection point where
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the gradient of the lines of best fit changes significantly is the range in which 
the Tg is predicted to lie.
5.3.3 Development of methodology
Small alterations were made in the first stages of the development of this 
methodology to achieve the best reproducibility of results and the most 
representative model. Initially a “super-unit cell” comprising 8 unit cells, 2 x 2  
X 2, was used in these investigations. This was done to minimise the amount 
of time taken to complete the simulation, as each calculation at one 
temperature can take between 4 and 8 hours, dependant on the size of the 
unit cell. However the plot obtained from these experiments. Figure 5.12, did 
not follow the expected trend for a plot of unit cell volume, Â ,^ versus 
temperature, °C, seen in previous investigations using a similar method^^.
3 1 5 0
3 1 0 0
3 0 6 0
3 0 0 0
2950
2900
2850
2800
2750
2700
100 200 
Temperature ( °C)
Figure 5.12 Change in unit cell volume of the polymer of 6,6'-b/s(3,4-dihydro- 
3-methyl-2H-1,3-benzoxazinyl)isopropane, using 8 unit cells with increasing 
temperature
The volume of the simulation remains almost constant right up until the 
temperature reaches ca. 300°C at which point there is a sudden increase. 
Values of Tg for different poly(b/s-benzoxazine)s have been reported to lie
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between 100 and 200‘C, depending on the structure and degree of cure^ "^  
and a Tg of 1 8 0 ^  has been reported for the polymer of 6,6'-b/s(3,4-dihydro-3- 
methyl-2H-1,3-benzoxazinyl)propane^^, with thermal degradation (as 
evidenced by a mass loss of 10%) commencing at 364 °C in a nitrogen 
atmosphere^®. The latter further undermines the values obtained in these 
early experiments as the large increase in volume appears to occur within the 
temperature regime occupied by decomposition. A second simulation was 
performed using the same experimental parameters, in order to verify 
whether the data were reproducible, but when compared to those from the 
previous experiment the results were not reproduced accurately. It was clear 
from the two previous experiments that a “super unit cell” comprising 8 cells 
was not sufficiently large enough to provide a realistic, reproducible result and 
so it was decided to increase the number of component unit cells to 27 (3 x 3 
X 3 or 3®). The increase in the size of the cell has an additional benefit since 
structural defects and impurities can be added to the models to make them 
more representative of an authentic poly(b/s-benzoxazine) without 
significantly altering the repeat unit. Following a series of MD experiments, 
varying incremental changes, the experimental methodology was formalised: 
the product of the MD simulation at the highest temperature was saved and 
then subjected to a second MD simulation at an experimental temperature 
100 K lower and that product saved, to be exposed to MD at a lower 
temperature still. Although this is, in fact, the opposite of experimental 
techniques, where the temperature of the sample is raised and then cooled, 
this method produced the most accurate and reproducible results, shown in 
Section 5.3.5.
5.3.4 Verification of accuracy of simulations
To be able to use molecular simulations to predict real data for the
mechanical and thermal properties of materials one must first be sure that the 
model built is an accurate representation of the material in question. The 
accuracy of the simulations can be verified in three ways, described below.
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5.3.4.1 Bond lengths and bond angles
Once the model has been built the first way to check whether results of 
dynamics simulations will be representative is to check that the bond lengths 
and angles in the model itself are feasible. The Drieding forcefield applied to 
the model generally gives acceptable values for these. The empirical data 
used for comparison were taken from crystallographic data, reported for 3- 
phenyl-6,8-dichloro-3,4-dihydro-1,3-benzoxazine^^ and some examples of 
simulation data are shown in Table 5.3.
Table 5.3 Selected bond distances and angles of (1), (2), and (3) obtained 
using the Dreiding forcefield (for the given conformations)
H,c CK
78
X = (CH3)2C (1), SO2 (2) or (CF3)2C (3)
Bond lengths Bond angles
Simulation data Empirical
data
Simulation data Empirical
data
(1) (2) (3) (1) (2) (3)
C9-0 1.36 1.41 1.36 1.36 C9-0-C3 124.3 115.1 124.6 119.9
0-C3 1.44 1.43 1.44 1.45 0-C3-N 111.9 110.1 111.4 113.5
C3-N 1.49 1.47 1.50 1.43 C3-N-C2 112.9 110.0 114.5 107.9
N-C2 1.49 1.48 1.50 1.47 N-C2-C4 111.7 111.7 111.8 110.2
C2-C4 1.49 1.50 1.49 1.51 C2-C4-
C9
118.5 119.7 118.2 117.7
N-C1 1.49 1.47 1.49 - C4-C9-0 120.4 121.3 121.0 123.1
C9-C4 1.41 1.41 1.41 1.39 C3-N-C1 113.5 110.3 114.1 -
For the most part the simulation data show good agreement with the data 
taken from literature.
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5.S.4.2 Density
After the “super unit ceil” has been constructed a number of parameters can 
be obtained from the model using molecular mechanics. This technique 
predicts some of the mechanical properties of the polymer along with 
providing a density, volume and cell dimensions. Molecular mechanics is run 
on the simulation prior to dynamics simulations to compare the density of the 
model with an experimental value. If the density of the model is not correct, 
the cell dimensions can be altered to increase the volume of the cell or 
decrease it, effecting a decrease or increase in density. Table 5.4 shows the 
comparison of the results of the density calculation from molecular mechanics 
experiments of a series of polymers with literature values, where available, 
and experimental results. The polymers are listed by the reagents forming the 
benzoxazine monomer used to prepare the polymer, i.e. BisA-methylamine is 
the polymer formed from 6,6'-b/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane, which is produced from the reaction of bisphenol A 
with methylamine.
Table 5.4 Comparison of calculated densities (g/cm^) with 
experimental/literature data
Polymer system Simulation density
Literature(') or 
Experimental^
BisA-m 0.9271 0.86®, 1.16'
BisA~a 0.8784 0.85®, 1.2'
BisA-b 0.9563 1.03®
BisS-m 1.1531 1.25®
BisS-a 0.9842 0.99®
BisAFe-m 0.8091 0.90®
5.3.4.S Glass transition temperature
The last way of verifying the accuracy of the molecular simulation is the 
comparison of the glass transition temperature obtained through the series of 
experiments with literature or experimental values. This method is described
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in detail for individual models later in this section. Once the model has been 
deemed accurate through these three methods the data gathered can be 
used in quantitative structure property relationships (QSPR) which will be 
covered in a later chapter, Chapter 6.
5.4 6,6'-Ws(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane
Using the methodology explained in the above sections the glass transition 
temperature of 6,6'-b/s(3,4-dihydro-3-methyl-2H-1,3-benzoxazinyl)isopropane 
was predicted using dynamics simulations to validate the modelling 
methodology, with comparison of simulated glass transition temperature with 
experimental data. The results of this series of experiments are shown in 
Figure 5.14.
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Figure 5.13 Change in unit cell volume of 6,6'-b/s(3,4-dihydro-3-methyl-2H- 
1,3-benzoxazinyl)isopropane, using 27 unit cells with increasing temperature
These data show an indication of a glass transition. Trend lines were added 
to the data points and tangents applied to the two areas of the data where the 
gradient appeared to differ. The intersection of the two tangents, in this case 
ca. 170°C, was taken as the glass transition temperature for the simulation.
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The empirical data from the differential scanning calorimetry (DSC) 
experiment, discussed in a previous section (Chapter 4, Section 4.3) have 
been overlaid to assist comparison as a range in which the Tg occurs 
experimentally. It is clear that empirical values agree well with the simulated 
data for this particular polymer and now having validated the model used in 
molecular simulations this approach was used to investigate other “perfect” 
homopolymers. To test the reproducibility of this method a re-run of the 
experiment at 500 K (227 °C) was undertaken. The resultant volumes agreed 
within 1.4 Â? suggesting that the method produces results that are 
reproducible. Once the model had been validated a molecular mechanics 
experiment was run on the simulation giving the results displayed in Table 5.4 
and in Table 5.5 in the column labelled BisA-m.
5.5 6,6'-Jb/s(3,4-dihydro-3-aryl-2H-1,3- 
benzoxazinyl)isopropane
On exchange of the amine used in the reaction from methylamine to aniline 
an alteration in the Tg of the material is expected, and observed in both the 
computational simulation and in DSC experiments. Figure 5.15 shows the 
simulation data, plotted temperature vs. ‘Super unit cell’ volume, with the DSC 
data overlaid for comparison. The volume of the unit cell has increased 
significantly with exchange of the small methyl group on the nitrogen with a 
much bulkier aromatic ring, from around 3000 to approximately 5000 Â .^ 
The experimental DSC data suggest a glass transition in the region of 147 -  
172 °C, which is lower than the predicted Tg at approximately 190 'C. In this 
case the prediction is about 20 K higher than the experimental data, this could 
be due to the fact that the simulation is a perfect homopolymer, with all 
possible bonds formed between monomers. This will give a higher glass 
transition temperature as there are no structural defects present in the 
simulation which will have a detrimental effect on it. Also one or both of two of 
the data points from the dynamics simulation, at 45 and 90 °C, could be 
considered as outliers as they do not follow the trend for the lower 
temperature region of the experiments. If the data point at 90 °C is considered
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an outlier and not taken into account when calculating the line of best fit for 
the lower region the trend line would move to a lower volume and may show a 
steeper gradient. The interception of the two trend lines would occur at a 
lower temperature and so the predicted Tg would be lower, and might fall 
more accurately in the experimental range.
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Figure 5.14 Change in unit cell volume of 6,6'-b/s(3,4-dihydro-3-aryl-2H-1,3- 
benzoxazinyl)isopropane, using 27 unit cells with increasing temperature
It is possible that these two data points are not outliers, it could be that at this 
temperature there are some changes occurring within the polymer which 
might cause quick changes in the volume of the unit cell and then change 
back to a more reasonable volume, for example the polymer chain is able to 
rotate in a crankshaft fashion due to the isopropane bridge between the 
aromatic rings in the polymer chain. While the volume reaches equilibrium at 
the end of each experiment at the set temperature the polymer itself is still 
dynamic and is moving and vibrating at this optimised volume. If a crankshaft 
rotation takes place in one of the chains the volume will jump higher before 
settling back to its optimised volume resulting in a larger volume for this 
temperature, causing what would appear to be an outlier. The mechanical 
properties predicted using molecular mechanics on this validated model are 
shown in Table 5.5, in the column labelled BisA-a.
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5.6 6,6'-d;s(3,4-dihydro-3-benzyl-2H-1,3- 
benzoxazinyl)isopropane
Similar to the previous example, the methylamine used in the reaction was 
replaced, in this case with benzylamine. In this case the volume is around 
3500 which is less that the amine due to the incorporation of a flexible CH2 
group between the nitrogen and the aromatic ring. This allows for more 
movement of the pendant group and reduces the bulk volume of this model.
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Figure 5.15 Change in unit cell volume of 6,6'-b/s(3,4-dihydro-3-benzyl-2H-
1,3-benzoxazinyl)isopropane, using 27 unit cells with increasing temperature
The Tg predicted by the dynamics simulation experiments, shown in Figure 
5.16, is at 130 'G whereas the experimental DSC data, which have been 
superimposed on the graph, suggest a Tg in the range of 110 -  120 G. Once 
again the simulation data are reasonably close to the range taken 
experimentally, no more than 10 K out. In this case there are no outliers 
which result in uncertainty about the trend lines for the upper and lower 
temperature ranges and so we can be confident that the Tg predicted is the 
most reasonable for this simulation. Similar to the previous set of results the 
polymer formed for the simulation experiments is a perfect homopolymer and 
so contains no defects or impurities which might have the effect of lowering
University of Surrey, Guildford, Surrey, GU2 7XH © 2006 Amy Mitchell
223
the Tg. The molecular mechanics data obtained from this simulation is 
displayed in Table 5.5, in the column labelled BisA-b.
5.7 6,6’-d/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)sulphone
Having validated the model used in the molecular simulation, a similar 
approach was taken to the simulation of the ‘perfect’ homopolymer that might 
form for 6,6’-b/s(3,4-dihydro-3-methyl-2H-1,3-benzoxazinyl)sulphone. The 
results are shown in Figure 5.17.
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Figure 5.16 Change in unit cell volume of 6,6'-b/s(3,4-dihydro-3-methyl-2H-
1,3-benzoxazinyl)sulphone, using 27 unit cells with increasing temperature
Once again, the simulation data offered quite a reasonable estimation of the 
Tg of this new material: the predicted Tg being in the region of ca. 120-150 °C, 
with an extrapolated value of 130°C. The experimental data have once again 
been superimposed on the same plot and the agreement between these data 
and the simulation data is encouraging. Previous research to examine the 
flexibility of bridging groups in arylene ether sulphones^®’ ®^ and cyanate 
esters^° had also demonstrated a similar effect on the Tg when introducing a 
sulphonyl bridge.
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Although the agreement of simulation to experimental data is good it is not 
exactly correct. The value predicted as the glass transition temperature for 
this material is an ideal and most optimistic value since the model used in the 
simulation is a perfect poly(d/sbenzoxazine), with no structural defects {e.g. 
sterically isolated un reacted rings) and no impurities within the matrix, which 
might lead to reductions in the degree of polymerisation and might have a 
detrimental affect on the Tg. The predicted mechanical properties of this 
material are displayed for comparison with the other materials reported here 
in Table 5.6, in the column labelled BisS-m.
5.8 6,6'-Ws(3,4-dihydro-3-aryl-2H-1,3- 
benzoxazinyl)sulphone
Replacing the methylamine in the reaction with aniline has the effect of 
increasing the Tg measured for the polyb/sbenzoxazine formed from 
bisphenol S by about 40 K. The predicted Tg for this material, shown in Figure 
5.18, is about 130 °C, however in this simulation the lines of best fit for the 
upper and lower temperature ranges do not intercept each other and the 
gradients for these trend lines are very similar.
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Figure 5.17 Change in unit cell volume of 6,6'-b/s(3,4-dihydro-3-aryl-2FI-1,3- 
benzoxazinyl)sulphone, using 27 unit cells with increasing temperature
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5.9 6,6'-/)/s(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)hexafluoroisopropane
Figure 5.19 shows the results of the dynamics simulation experiments on this 
model system. The volume for this particular model is significantly larger than 
that of the previous experiments. This could be due to the 
hexafluoroisopropane bridging group between the aromatic rings in the 
polymer chain. The bulkier fluorine atoms of the CF3 group will cause 
increased volume as the polymer chains are forced to be more distant from 
each other due to space constraints and the repulsive force between CF3 
groups on different chains. The experimental Tg was measured as being 
between 120 and 140 G  while the predicted Tg for this material is 160 G. 
Once again simulated results are in good agreement with experimental data, 
with the prediction being no more than 20 K out.
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Figure 5.18 Change in unit cell volume of 6,6'-b/s(3,4-dihydro-3-methyl-2H-
1,3-benzoxazinyl)hexafluoroisopropane, using 27 unit cells with increasing 
temperature
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5.10 Comparison of predicted mechanicai properties
Once the model has been proved to be an accurate representation of the 
polymer, using the techniques described in the paragraphs above, a 
molecular mechanics experiment can be run to predict some of the 
mechanical properties of the material. The mechanical properties predicted by 
this experiment are as follows:
The Young’s modulus can be predicted, this is a number representing the 
ratio of stress to strain for a bar of a given substance. According to Hooke's 
law the strain is proportional to stress, and therefore the ratio of the two is a 
constant that is commonly used to indicate the elasticity of the substance. 
Young's modulus is the elastic modulus for tension, or tensile stress, and is 
the force per unit cross section of the material divided by the fractional 
increase in length resulting from the stretching of a standard rod or wire of the 
material^\
The bulk modulus and compressibility (reciprocal of bulk modulus) of the 
simulation can be calculated by applying pressure to the model.
Finally the Poissons ratio can be predicted. When a sample is stretched in 
one direction it tends to get thinner in the other two directions, the Poissons 
ratio is the measurement of this tendency and therefore is the ratio of 
transverse contraction strain to longitudinal extension strain in the direction of 
stretching force. Typically, this value would be positive as the normal trend 
would be for this thinning to occur in two dimensions, however, some polymer 
foams have a negative Poisson ratio where a stretching of the polymer in one 
direction leads to an expansion in perpendicular directions.
The lamé constants of the model can be calculated as being related to the 
Poisson ratio and the bulk modulus^^. With increase in the Poisson ratio, the 
Lamé modulus. A, will approach the bulk modulus.
Unfortunately the availability of data in literature such as the lamé constants 
or Poissons ratio of these materials is limited and so no comparison of this 
data with experimental values can be made. Table 5.5 shows the comparison 
of the data obtained from the molecular mechanics experiments on the 
simulations presented earlier in this chapter.
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These values, while not directly telling us of the toughness properties of the 
polymer samples, can be used together to infer some information about how 
the material will react under stress and strain.
Table 5.5 Comparison of predicted mechanical properties of computational 
simulations
Cell
parameters
BisA-m BisA-a BisA-b BisS-m BisS-a BisAFe-m
Density (g/cm )^ 0.9271 0.8784 0.9563 1.1531 0.9842 0.8095
Volume (Â^ ) 2778.0 5361.5 4256.5 2590.9 4084.5 9452.4
Dimensions (A)
a 17.90 22.67 17.31 13.31 17.23 16.54
b 13.58 24.96 20.12 15.69 11.86 27.01
c 17.97 13.56 13.49 13.85 21.67 21.10
Angles (-)
a 68.58 129.11 101.71 110.96 94.00 120.71
P 64.94 90.97 72.32 85.11 76.27 80.46
7 113.53 75.52 106.48 77.13 73.65 74.81
Mechanical
properties
Bulk modulus 
(GPa)
36.24 9.69 20.97
17.58 3.39 5.43
Young’s 
modulus (GPa)
48.04 25.97 19.87 30.00 7.20 13.57
Compressibility
(1/GPa)
2.76 X 
10-2
1.03 X 
10'^
4.77 X
10-2
5.69 X 
10-2
2.95 X 
10-^
1.84 X 
10-^
Lamé A = 
constants p = 
(GPa)
24.52
23.61
21.27
3.59
11.22
12.62
17.54
11.01
4.75
0.70
11.60
2.83
Poisson’s ratio 0.29 0.18 0.35 0.23 0.21 0.33
Toughness is a measurement of the resistance of a material to fracturing 
under stress. The amount of energy that a material can absorb before
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rupturing can be found by using a stress-strain curve^^, an example of which 
is shown below, in Figure 5.20, for steel. The toughness of a material can be 
found by finding the area under the stress-strain curve, i.e. the integral.
Stress
1
2
Strain
Figure 5.19 An example of a stress-strain curve for steel2 4
This stress-strain curve can be derived from measuring load (stress) vs. 
extension (strain) for a material. This particular example has 5 points of 
interest labelled on the curve; 1 is the ultimate strength of the material, 2 is 
the yield strength which is the point at which the material will plastically 
deform, i.e. deform irreversibly and as such will not return to its original 
dimensions, 3 is the point of rupture, 4 is the strain hardening region where 
the stress increases and the cross sectional area decreases uniformly due to 
Poisson contractions, and lastly 5 is the necking region where the cross 
sectional area starts to decrease more rapidly "^ .^
Importantly for the mechanical properties predicted the linear portion of this 
stress-strain curve is the elastic region and the slope is the modulus of 
elasticity or Young’s modulus^^. Using the predicted values for Young’s
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modulus we can have a better idea how the stress-strain curves for these 
materials might appear. For low values predicted for the Young’s modulus we 
might expect to see shallow gradient leading to a lower stress value for the 
yield strength. This implies that less load is required for atomic bonds within 
the polymer to start breaking and the yield strength typically represents an 
upper limit to the load that can be applied to a material. Also with a shallower 
gradient for this region of the stress-strain curve the area under the curve 
itself would be reduced, implying a less tough material. Conversely, if the 
Young’s modulus is high, the yield strength will occur at a higher temperature, 
suggesting that more load can be applied to the material before the bonds 
within the polymer chains start to break and also suggesting that the area 
under the curve itself might be increased, implying that this might be a 
tougher material.
Applying this reasoning to the simulated results, presented in Table 5.5, the 
Young’s modulus increases following the trend
BisA-m > BisS-m > BisA-a > BisA-b > BisAFe-m > BisS-a
with BisA-m displaying the highest value and BisS-a the lowest. This might be 
expected when looking at the differences in structure of these six materials. 
Where methylamine is the amine used in the reaction the pendant group on 
the Mannich bridge, between the aromatic rings, is a small GH3 group, as 
shown in Figure 5.21. This group will allow a large degree of rotation and 
flexibility around the bridge, which might contribute to a greater toughness of 
the material, as more energy can be absorbed before the atomic bonds in this 
species start to break. On comparison, the material formed by incorporating 
aniline into the polymer chain at the Mannich bridge will have a bulky pendant 
group in this position. This group will have the effect of restricting the amount 
of rotation able to occur around the bridge, thereby reducing the amount of 
energy able to be absorbed, which might lead to a more brittle material as 
chemical bonds will start to break at a lower stress. Alongside this, the 
material with more aromatic functional groups will require more energy to be 
put into the system as aryl 0 = 0 groups require more energy to break than
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C -  C and C -  H bonds, found in methyl species (C = C AH = 699 kJ moM, 
C -  C AH = 368 kJ moi \  C -  H AH = 435 kJ mol'^)^^. Combining these two 
factors one might expect BisA-m and BisS-m, to show larger values for 
Young’s modulus, implying greater toughness, in comparison to those with 
large and bulky pendant groups on the Mannich bridge, i.e. BisA-a, BisS-a 
and BisA-b.
OH
Figure 5.20 Comparison of polymer chains with differing pendant functional 
groups on the Mannich bridge
The bridge group between the aromatic rings within the benzoxazine 
monomers themselves might be expected to have a similar effect on the 
toughness of a material. The greater the degree of flexibility of the bridge 
between the aromatic rings the more energy that can be absorbed by the 
material prior to bonds breaking. The BisA materials would be expected to 
exhibit the greatest degree of flexibility out of those modelled in this work, 
while there will be some restriction around this point, the material should be 
able to flip to its opposite conformation in a crankshaft motion moving up the 
polymer chain. In comparison the polymers formed from BisS and BisAFe 
might experience less rotational flexibility around this bridge point due to the 
bulkiness of the groups, especially in the case of BisAFe, and also due to 
intermolecular bond forming between polymer chains leading to a decrease in 
the rotation available to the bridging group.
5.11 Conclusions
Thermosetting polymers often form very complex chemical network structures 
and this can present practical difficulties when attempting to simulate their
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properties in a realistic fashion. In view of the likely existence of oligomeric 
species containing different substituents in the bulk matrix, along with the high 
probability of incorporation of impurities, either starting material or byproducts, 
it is unlikely that the modelled data are entirely representative of a 
synthesised material. As such the simulated Tg of these ‘perfect’ models 
might be expected to be slightly higher than the values obtained 
experimentally. By using a sufficiently large unit cell, it should be possible to 
generate a model that incorporates an appropriate number of such units to 
reflect a more ‘realistic’ composition.
The effect of simulation technique on the mechanical data obtained has been 
explored in order to arrive at a reliable, reproducible methodology and have 
produced some encouraging simulation data for a well-known and well- 
characterised monomer which can be used to validate the simulation 
approach to produce successful predictions for novel materials. The 
combination of practical synthesis, molecular mechanics and molecular 
dynamics techniques now offers a powerful tool in the replication of physico- 
mechanical properties of many complex polymer systems.
The mechanical properties predicted by molecular mechanics do not directly 
lead to the conclusion that some materials will be tougher than others, 
however from this data we can start to build up a picture of which structures 
will lead to tougher materials, by looking at trends in the data and inferring 
toughness properties from them. With the data collected it is difficult to put an 
actual value on the toughness predicted by the models, however, it is 
possible to get an indication of how tough a material is relative to the other 
structures modelled.
Further work in this area, which time has prevented, would be the 
improvement of the models by incorporating impurities and defects in the 
polymer chains. Another element missing in the simulations is the presence of 
small molecules within but not necessarily interacting with, the polymer 
matrix, such as water or organic solvent molecules. These could have a 
significant effect on the thermal and mechanical properties of the polymers 
and should be taken into account in more sophisticated simulations.
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6.1 Conclusions
Throughout the course of this research a number of novel benzoxazine 
monomers, identified at the beginning of this thesis, and the homopolymers of 
these, have been synthesised. The monomers produced were synthesised using 
either the standard synthetic route, favoured in the literature, or a solvent free 
synthesis. It was found that while the standard synthetic route produced 
benzoxazine monomers using methylamine as the amine in the reaction, it was 
unsuccessful in the production of benzoxazines with aromatic amines being 
incorporated into the benzoxazine ring. It was hypothesised that this is due to the 
stability of the intermediate, the Mannich base, formed by reaction of one mole of 
the amine with one mole of formaldehyde. This intermediate is stabilised due to 
strong hydrogen bonding with the aqueous reaction media, forming a pseudo-six 
membered ring, which has been supported by molecular orbital calculations 
using Gaussian.
The solvent free synthesis was investigated as an alternative to the standard 
synthetic route, in the hopes of producing benzoxazines using aniline and 
benzylamine as the amine in the reaction. This synthetic route was found to 
successfully produce the materials previously synthesised with the standard 
synthetic route and also producing aryl and benzyl containing benzoxazines in 
superior yields and purity.
The materials produced were characterised using FTIR, NMR, and elemental 
analysis. FTIR was found to be reasonably unsuccessful in evaluating the 
structure of the products and purity, as the starting materials used and 
byproducts produced will share similar structural features and functional groups. 
However FTIR can highlight the presence of 0  -  O -  0  and 0  -  N -  0  groups, 
which will only be present if a benzoxazine has formed, even if it has 
subsequently polymerised, and so FTIR can be used as a quick screening 
technique to ascertain whether reaction has occurred. NMR spectroscopy, both 
proton and was found to be much more successful in the characterisation of
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benzoxazines. The chemical shifts of the CH2 groups in the benzoxazine ring 
show the environment of these groups and so whether the benzoxazine ring has 
formed or undergone ring opening can be determined. Owing to this the purity of 
the monomers can be estimated, using the ratios of ring CH2 groups to bridge 
CH2 groups in the NMR spectra, which can be supported by evaluation of the 
NMR spectra..
The materials prepared in this work were analysed to investigate their thermal 
and mechanical properties. It was found, using DSC experiments, that the PK3-a 
and BisA-a materials remain molten for the largest temperature ranges, 
increasing their processability, while the methyl containing benzoxazines fared 
more poorly in this respect, with melting occurring just prior to polymerisation.
The polymerisation of these materials is very dependant on the structure of the 
monomer. The amine used in the reaction in particular has a strong effect on the 
polymerisation and follows predictable patterns. Allyl containing species 
polymerise via two processes occurring at overlapping temperature ranges.
These are a ring opening reaction and a vinyl condensation reaction, which can 
be initiated at a lower temperature by addition of a free radical initiator, such as 
benzoyl peroxide. The methyl derivatives also display what appears to be two 
separate processes for polymerisation, resulting in a broad and shallow peak 
with significant shouldering. This is suspected to .be due to polymerisation 
occurring before full melt is achieved and so oligomers form prior to large scale 
polymerisation.
An important feature of these materials, measured by DMA, is the damping of the 
structure. This is the amount of energy that can be absorbed by the polymer 
through rotation of bonds, and can be related to the degree of cure of the 
material and the crosslink density along with the intrinsic flexibility of the polymer. 
Storage and loss moduli were also investigated through use of DMA. These data 
were gathered through the use of powder clamps which were found to be viable
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alternative to producing solid polymer plaques. While this means the data 
gathered cannot be directly compared to literature values, they are self- 
consistent and can be compared with each other and the benefits of this method 
are time saved in production of samples, use of material, as only small amounts 
of monomer are required and sheer ease of use.
It was found that materials containing “flexible” units such as alkoxy chains (PK3) 
ether and thioether linkages exhibited the best damping properties, with the 
sharpest, narrowest peaks for the tan 5 a transition. This is likely to be due to the 
increased freedom for rotation that these materials possess around the polymer 
backbone giving rise to higher segmental mobility.
In contrast, materials containing benzylamine consistently showed the shallowest 
and broadest a transition peaks. Bulky pendant groups can have the effect of 
limiting rotation around the chain through steric hindrance and this seems to be 
the case for these materials. The allyl containing species also showed lower 
damping, through the increased crosslinking of these materials limiting 
segmental motion and reducing the quantity of relaxing species.
Selected b/sbenzoxazines were chosen for more in-depth testing of their 
mechanical properties undertaken at Hitachi Chemical Go. Ltd. The materials 
selected were all aryl containing polymers with a variety of diol units. Materials 
were chosen to represent both brittle and tough benzoxazines to obtain data for 
comparison against each other to achieve a better understanding of which 
structure lead to tougher materials, with the aryl materials being the easiest to 
polymerise into void-free plaques.
The dielectric constant measured for the bisphenol AFe was the lowest, most 
desirable, out of the benzoxazine materials tested, falling in the middle of the 
range of the commercial systems chosen for comparison, while the bisphenol A-a 
material showed the lowest value for the dissipation factor, which was slightly 
higher than the majority of the commercial systems. The commercial systems
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however tend to be blends of materials, in some cases reinforced With glass 
fibres, and so are tailored towards specific properties. Conversely, the 
b/sbenzoxazines were tested as homopolymers, and they still fared well in 
comparison.
The values measured for the flexural properties of the b/sbenzoxazine materials 
once again in general lie in the middle of the range, when compared with 
commercial systems. The biphenol material displays the lowest value for flexural 
strength with the bisphenol A material as the highest. The bisphenol A material 
has values which are comparable with unfilled commercial systems, although 
these are still very low when compared with reinforced systems. Once again, the 
properties of these materials might be improved to these standards with 
incorporation of a filler or by copolymerising with another material which displays 
higher flexural strength.
Molecular modelling offers a new method of investigating the properties of 
polymers. The combination of practical synthesis, molecular mechanics and 
molecular dynamics techniques now offers a powerful tool in the replication of 
physico-mechanical properties of many complex polymer systems.
The effect of simulation technique on the mechanical data obtained has been 
explored in order to arrive at a reliable, reproducible methodology and have 
produced some encouraging simulation data for a well-known and well- 
characterised monomer which can be used to validate the simulation approach to 
produce successful predictions for novel materials. The mechanical properties 
predicted by molecular mechanics do not directly lead to the conclusion that 
some materials will be tougher than others, however from this data we can start 
to build up a picture of which structures will lead to tougher materials, by looking 
at trends in the data and inferring toughness properties from them. With the data 
collected it is difficult to put an actual value on the toughness predicted by the
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models, however, it is possible to get an indication of how tough a material is 
relative to the other structures modelled.
The predicted Young’s modulus value of the simulations can give insight into the 
appearance of the stress-strain curves for the polymers. The Young’s modulus is 
the gradient of the slope of the stress-strain curve and so the magnitude of this 
value can give information on the stress value for the yield strength, as a low 
Young’s modulus indicates a shallow gradient and a lower stress value for the 
yield strength. This implies that less load is required for atomic bonds within the 
polymer to start breaking and the yield strength typically represents an upper limit 
to the load that can be applied to a material. Also with a shallower gradient for 
this region of the stress-strain curve the area under the curve itself would be 
reduced, implying a less tough material.
The BisA-m material displayed the highest value for Young’s modulus of the 
polymers simulated. For the other BisA materials (-a, and -b ) the benzyl material 
showed a much lower value for the Young’s modulus, supporting thermal and 
mechanical properties data, suggesting that use of benzylamine to produce 
benzoxazines results in reduction of the toughness of the material.
6.2 Future work
In the course of this work a number of novel bisbenzoxazine monomers have 
been synthesised and their mechanical and thermal properties investigated. The 
values measured for the properties of the b/sbenzoxazine materials, in general, 
lie in the middle of the range, when compared with commercial systems.
However the commercial systems used as comparisons included materials that 
are reinforced with glass fibres and fillers. The flexural strength value measured 
for the bisphenol A material is comparable with unfilled commercial systems, 
although is still low when compared with reinforced systems. The properties of 
b/sbenzoxazines might be improved to these standards with incorporation of a 
filler or by copolymerising with another material which displays higher flexural
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strength and this is something that bears further investigation for all of the 
materials studied here.
Also of use, in further investigation, would be to do some real testing of the 
toughness properties of the materials, for example investigation of the fracture 
toughness by measuring the Kic values of the polymers. Similarly the crack 
propagation and crazing could be investigated to give more information on the 
stability of these materials under stress.
Regarding the molecular modelling approach of investigating these materials, 
thermosetting polymers often form very complex chemical network structures and 
this can present practical difficulties when attempting to simulate their properties 
in a realistic fashion. In view of the likely existence of oligomeric species 
containing different substituents in the bulk matrix, along with the high probability 
of incorporation of impurities, either starting material or byproducts, it is unlikely 
that the modelled data are entirely representative of a synthesised material. As 
such the simulated Tg of these ‘perfect’ models might be expected to be slightly 
higher than the values obtained experimentally. Further work in this area, which 
time has prevented, would be the improvement of the models by incorporating 
impurities and defects in the polymer chains. Another element missing in the 
simulations is the presence of small molecules within but not necessarily 
interacting with, the polymer matrix, such as water or organic solvent molecules. 
These could have a significant effect on the thermal and mechanical properties of 
the polymers and should be taken into account in more sophisticated simulations.
During the course of this work a great deal of data has been generated through 
synthetic work and computational simulations as to the probable toughness of 
b/sbenzoxazine polymers. This data could now be considered together using 
chemometrics to look at patterns within the data set suggesting which structural 
features particularly lead to tougher materials, and which lead to more brittle 
materials. Through this a method of predicting the toughness of potential
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materials could be built, which would allow evaluation of the potential properties 
of a material, prior to synthesis, based purely on the polymer structure.
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Abstract
The preparation and characterization o f 6,6'-/?w(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)isopropane (1) and 6,6'-/?/j'(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyl)sulphone (2) 
using FTIR, ^H and NMR spectroscopy and elemental analysis, is reported. Molecular 
simulation using both molecular mechanics and molecular dynamics techniques are reported for 
poly(/?/j-benzoxazine)s o f both materials and the data compare well w ith literature values for the 
polymer o f (1). The same methodology is extended to predict a Tg for the polymer o f the newly- 
prepared, novel monomer (2), for which no published data currently exist. Preliminary 
measurements o f the thermal behaviour, particularly the Tg values, o f the monomers and polymers 
are made using differential scanning calorimetry (DSC). The latter show very good agreement for 
6,6'-/7w(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyl)isopropane (an accepted literature value of Tg 
for this polymer is 180°C; the onset o f Tg from our empirical DSC measurement is ca. 177°C, and 
the extrapolated value of Tg from simulation is 180°C). In the case o f the new monomer, 6,6'- 
/?/5'(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyl)sulphone, the predicted Tg from simulation lies in 
the range 120-150°C (w ith an extrapolated value at 130°C) and the empirical DSC measurement 
yields an onset value of ca. 117°C.
Introduction
Published reports o f the preparation o f polymers o f aromatic oxazines, or benzoxazines, date 
back some sixty years [1] and the commercial exploitation o f these materials lies principally in  their 
use as popular alternatives to traditional phenolic polymers. As Bakelite, the latter were the first 
commercially important fam ily o f synthetic polymers and have continued to find widespread use in 
a variety o f applications, as thermosetting mouldable powders (for general purpose electrical 
mouldings, heated appliance components, and automotive parts), laminates (such as printed circuit
boards and the core of decorative laminates), adhesives, binders, and surface coatings [2 ] in which 
the physical capabilities are important, but in which the relative cheapness of this commodity 
product is also attractive. However, in contrast to conventional phenolics, poly(^w-benzoxazine)s 
produce no volatile by-products during cure and require no strong (environmentally damaging) 
catalysts in their production. The latter is particularly important where highly corrosive media may 
lead potentially to damaged processing equipment [3]. The general benzoxazine structure 
comprises a benzene ring (or rings) fused to a six-membered heterocycle containing oxygen and 
nitrogen atoms and polyfunctional monomers undergo polymerization via a step growth, ring- 
opening reaction. While they share with phenolics attractive features such as high temperature 
resistance, good dimensional stability, low dielectric constant and flame retardance (coupled with 
low smoke generation), poly(^w-benzoxazine)s offer potentially higher fracture toughness, through 
their greater molecular flexibility, and improved shelf life. In electronics applications associated 
with printed wiring boards (PWBs), laminates produced from poly(^w-benzoxazine)s offer both 
high glass transition temperature (Tg) and reasonably good longevity in the demanding “pressure 
cooker test”  which, as the name suggests, assesses the hot/wet properties under pressure. However, 
while poly(^/.s-benzoxazine)s display many benefits over conventional phenolics, the relatively low 
fracture toughness that is achieved by cured polymers (a Kic value of ca. 0.51-0.54 MPa.m°^ is 
typical [4]) is still a problem in modem microelectronics applications. In PWBs, the drilling of 
small holes through the reinforced dielectric layer to accept small components or wires produces 
areas of concentrated stress, which may undergo stress fractures over time. Thus, our current work 
is aimed at producing poly(6 ij-benzoxazine)s with demonstrably higher fracture toughness through 
a combination of novel synthesis, blending and co-polymerization with inherently tougher 
materials.
CH^OH
+ HO OH2R 'N
CHpH
CHg-CHCHg , CgHjCHj
Scheme 1 Formation of ^ /s-benzoxazine monomers based on bisphenol A
The most-commonly reported and widely accepted route for the monomer synthesis can be 
considered as a variant of the Mannich reaction involving the reaction between four equivalents of 
formaldehyde, two equivalents of a primary amine and one equivalent of a diol (shown in Scheme 1 
for the preparation o f Z?w-benzoxazines from bisphenol A  and a variety of amines).
Several reaction variables have been found to affect the composition of product and by-products. 
For instance, the nature and positions o f the substituents on the phenol play an important rôle in 
determining the course o f the reaction. Thus, the presence of bulky groups in the ortho-position 
offers steric hindrance and limits the conformational freedom of the hydroxyl group which, in turn, 
reduces the reactivity of the group and limits its ability to form a benzoxazine ring. The 
electrophilic character of the substituents affects the stability both of the reaction intermediates and 
the benzoxazine ring. Consequently, substituents in the meta-position activate the ring towards 
para-substitution, e.g. a methyl group can increase the extent of ring-opening during cure and 
therefore produce a higher molecular weight ‘dimeric’ species [5]. The basicity o f the primary 
amine is important and in general strong bases, such as methylamine, enable both the Mannich base 
and ^/5 (hydroxybenzyl)amine (Figure 1) to be isolated along with the benzoxazine; mild amines, 
such as cyclohexylamine, result in the production of the Mannich base alone; weak bases, such as 
aniline, led to the isolation of high yields of Mannich base along with some ^w-benzoxazine.
OHOH
Figure 1 5w(hydroxybenzyl)amine by-product (R, R ’=alkyl, aryl, etc.)
Similarly, a strongly acidic reaction medium is necessary to synthesis ^w-benzoxazines from those 
amines having a pKa lower than 3.1. The polarity o f the reaction medium can also influence the 
extent of reaction, i.e. whether the reaction mixture contains exclusively monomer, or significant 
quantities of dimer. As the solvent polarity is increased the reaction between the benzoxazine ring 
and unreacted phenols becomes easier, increasing the chance of dimer (followed by oligomer)
formation and thus reducing the monomer yield. For example, when the synthesis o f 6,6'-bis(3,4- 
dihydro-3-methyl-2H-l,3-benzoxazinyl)isopropane was conducted in dioxane the resulting product 
contained predominantly monomer (ca. 65%), whereas in the more polar tetrahydrofuran the 
product comprised mainly dimer and higher oligomer(s). In the extreme case, the use of methanol 
yielded a partially-crosslinked gel, made up of oligomeric species [6 ]. Reagent stoichiometry can 
also play a significant part in reducing the formation of higher oligomers i f  necessary. Although the 
reaction of a mixture o f bisphenol ; formaldehyde : primary amine (in the ratio 2:4:1) w ill follow 
the synthetic route described above (Scheme 1), the use of excess formaldehyde and amine forces 
the reagents to undergo reaction via another mechanism (Scheme 2) and this leads to a higher yield 
of monomer at the expense of the higher molecular weight (dimeric) species. In this study, the 
latter was not employed.
HCHO R'NH,
OHOH
KOH
+ HCOH -HCOH
Scheme 2 Alternative synthetic route to formation of difunctional benzoxazine (R, R ’ =
alkyl, aryl, etc.)
This paper forms part o f our ongoing research into improving the understanding of the structural 
features that influence mechanical properties such as fracture toughness in neat resins and 
composite materials [7,8,9]. Here, we correlate analytical measurements carried out on a well- 
characterised ^w-benzoxazine monomer with computational molecular modelling routines, in order 
to understand better the underlying structure-property relationships in order that these might inform 
our future synthetic efforts. Currently work is underway to synthesize new monomers and to
examine their polymer properties as homopolymers, and as blends and copolymers with other 
common high performance polymers.
Experimental
Materials
The following chemicals were used in this work: sodium sulphate, potassium hydroxide, 
formaldehyde aqueous solution (37-40%), and diethylether (>99%), all obtained from Fisher 
Chemicals; 1,4-dioxane (stabilised 99+%), Acros; methylamine (40% aqueous solution) and 2,2’ - 
^?/j'(4-hydroxyphenyl)propane (bisphenol A) (97%), Aldrich Chemical C°". bis{4- 
Hydroxyphenyl)sulphone (bisphenol S) was previously donated by IC I Chemicals and Polymers. 
A ll reagents were used as received unless otherwise stated.
Equipment
Infrared spectra were obtained using a Perkin Elmer System 2000 FTIR spectrometer with samples 
presented as thin films (on KBr disks) or as KBr pellets as appropriate; 16 spectra were obtained at 
a resolution of 4 cm'^ and co-added to yield the final spectrum. Nuclear magnetic resonance (NMR) 
spectra were obtained from deuterated solutions at 298 K  using a Bruker AC300 spectrometer and a 
Bmker DRX500 spectrometer. spectra were obtained at 300.1 MHz (AC300) and ^^C spectra 
were obtained at 125.7 MHz (DRX500) using tetramethylsilane (TMS) as the primary reference and 
either CDCI3 (for 1) or CD3CO (2) as the solvent and secondary reference. In addition a 
heteronuclear multiple-quantum coherence spectmm was obtained under similar conditions. ^^N 
spectra were obtained at 50.6 MHz (DRX500) in chloroform to which a small quantity of 
chromium(in) acetylacetonate was added to suppress the nuclear Overhauser effect (nOe). In this 
case, the primary reference was liquid ammonia and the secondary was nitromethane. Elemental 
analysis was performed on samples (1-2 mg) using an Exeter Analytical EA440 CHN/O/S 
elemental analyser by combusting the samples in oxygen in a high temperature furnace (1800°C) 
using helium as the carrier gas. Differential scanning calorimetry was undertaken using a TA 
Instmments 2920 on samples of 2.9 + 0.01 mg in hermetically-sealed aluminium pans. Experiments 
were conducted at a heating rate o f 10 K  min'^ (from room temperature to 250°C) under flowing 
nitrogen (40 cm^ min’ )^. The sample was held isothermally for a further five minutes at this 
temperature to effect fu ll cure before being cooled at 5 K  min-1 from 250 to 20°C; the latter step 
enabled the glass transition temperature to be determined. A rescan at 10 K  min'^ (25-250°C)
revealed no residual exotherm and confirmed that fu ll cure had been achieved under the first scan 
conditions.
Synthesis o f 6,6'-bis(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyl)isopropane (1 )
To a mixture o f formaldehyde aqueous solution (12.095 g, 0.402 mol.) and dioxane (80 cm^) in a 
500 cm^ three-necked round bottom flask equipped with a thermometer, condenser, and a dropping 
funnel and cooled by an ice bath, was slowly added methylamine (6.255 g 0 . 2 0 1  mol.) in dioxane 
(100 cm^), keeping the temperature below 10°C. The mixture was stirred magnetically for ten 
minutes before adding the solution of bisphenol A  (22.989 g, 0.101 mol.) in dioxane (100 cm^). The 
temperature was then raised and the mixture was allowed to reflux for six hours. The solvent was 
then removed in vacuo and the resulting viscous fluid was dissolved in diethyl ether (200 cm^). The 
ethereal solution was washed several times with water to eliminate any unreacted formaldehyde or 
methylamine and then dried over sodium sulphate. Removal of the ether using a rotary evaporator 
yielded a viscous fluid at room temperature which was re-dissolved in diethyl ether before being 
washed repeatedly with potassium hydroxide (3N), hydrochloric acid (3N), and finally water. After 
removal of the solvent, a white crystalline solid was produced (yield = 28.527 g, 83 %).
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Figure 2. FT IR  transmission spectrum of 6,6'-ôw(3,4-dihydro-3-methyI-2H-l,3-
benzoxazinyl)isopropane (1 )
FT IR  (cm'^) 3400 (b, 0 -H  stretch) 3000 (w, ph-H stretch) 2973, 2870 (s/m, aliphatic C-H stretch) 
1615, 1586, 1498 (m/s, ring stretch), 1447 (m, CH2 scissor), 1383 (m, N-CH3 sym. def.) 1348 (m, 
CH2 wag, benzoxazine) 1323 (m, CH2 wag, benzoxazine) 1255 ( C-H bend) 1233 (s, C-O-C asym.
6
stretch) 1171 (m, C-N-C asym. stretch) 1120, 1077 (m, C-H in plane bend) 1049 (s, C-O-C sym. 
stretch) 977 (CH3 rock, terminal) 935 (aliphatic C-H) 900 (s, C-N stretch) 874 (m, C-H out o f plane 
bend) 858 (m, C-N-C sym. stretch) 823 (m, C-H out o f plane bend) 751 (m, C-C-C bending) 614 
(m, ring breathing).
/
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Scheme 3. Structural assignments used fo r NM R spectra of compound (1)
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Figure 3. H  NM R Spectrum of 6,6*-^/s(3,4-dihydro-3-methyI-2H-l,3-benzoxazinyI)isopropane
in  CDClsCl)
NM R (CDCI3, ppm from TMS) 1.617 (s, 3H, Hu) 2.603 (s, 3H, H i) 3.910 (s, 2H, H3) 4.757 (s, 
2H, H 2) 6.699 (d of d, 2H, Hg) 6.842 (s, 2H, H5) 6.986 (d, 2H, H?)
—I— 
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Figure 4. NMR Spectrum of 6,6'-èw(3,4-dihydro-3-methyI-2H-l,3- 
benzoxazinyl)isopropane in CDCI3 (1)
NM R (CDCI3, ppm from TMS) 31.119 (C ll,  C l l ’ ), 39.871 (C l, C5, C5’), 40.768 (C l’ ), 
41.719 (CIO, CIO’), 52.424 (C3), 56.687 (C3’), 60.488 (C2’), 83.883 (C2), 115.780 (C8 ’ ), 116.356 
(C8 ), 125.546 (C7, C7’), 126.214 (C4), 128.264 (C4’), 143.448 (C6 , C6 ’), 151.525 (C9), 155.761 
(C9’).
Synthesis o f 6,6'-bis(3,4-dihydw-3-methyl-2H-l,3-benzoxazinyl)sulphone (2)
A  similar methodology was adopted to that previously shown for the bisphenol A  analogue (1), but 
using the following reagents: formaldehyde aqueous solution (11.998 g, 0.159 mol.), dioxane (80 
cm^), methylamine (6.205 g, 0.0799 mol.) in dioxane (20 cm^), bisphenol S (10 g, 0.0399 mol). A  
yield of 9.190 g (63.46 %) was obtained as a white crystalline solid.
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Figure 5. FTIR  transmission spectrum of 6,6'-6/s(3,4-dihydro-3-methyl-2H-l,3-
benzoxazinyI)sulphone (2)
FTIR  (cm'^) 3271 (b, 0 -H  stretch) 3030 (w, ph-H stretch) 2925, 2854 (s/m, aliphatic C-H stretch) 
1664, 1597, 1506 (m/s, ring stretch), 1456 (0=S=0 asym. stretch) 1430 (m, CHz scissor), 1377 (m, 
N-CHs sym. def.) 1327 (m, CH] wag, benzoxazine) 1327 (m, CH2 wag, benzoxazine) 1258 ( C-H 
bend) 1162 ( S=0 stretch) 1152 (s, C-O-C asym. stretch) 1124 (m, C-N-C asym. stretch) 1096 (m, 
C-H in plane bend) 1024 (s, C-O-C sym. stretch) 992 (CH3 rock, terminal) 933 (aliphatic C-H) 900 
(s, C-N stretch) 874 (m, C-H out o f plane bend) 858 (m, C-N-C sym. stretch) 823 (m, C-H out of 
plane bend) 755 (m, C-C-C bending) 662 (m, ring breathing).
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Scheme 4. Structural assignments used for NM R spectra of compound (2)
PPM
Figure 6. H  NM R Spectrum of 6,6’-èw(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyI)suIphone
in CDCl3(2)
NMR (CDCI3, ppm from TMS) 2.567 (s, 3H, H i) 3.967 (s, 2H, H3) 4.833 (s, 2H, Hz) 6.854 (d, 
IH, Hg) 7.550 (s, IH , H5) 7.646 (d, IH , H?)
160 140 120 100 80 60 40 20 PPM
Figure 7. NM R Spectrum of 6,6'-èw(3,4-dihydro-3-methyI-2H-l,3-benzoxazinyl)sulphone
in CDCl3(2)
10
" c  NM R (CDCI3, ppm from TMS) 40.042 (C l), 52.013 (C3), 84.840 (C2), 116.243 (start 
material), 117.433 (C8 ), 120.666 (C4), 127.701 (C7), 127.737 (C5), 130.005 (start material), 
133.717 (C6 ), 158.079 (C9).
Modelling Methodology
Molecular simulations of the poly(Z?/j'-benzoxazine)s were performed using a Silicon Graphics 
Origin 2000 multiprocessor machine termed ‘Proton’ at the U.K. Computational Chemistry Facility 
at The Rutherford Appleton Laboratory. The calculations ran under Irix  6.3 with the Cerius^ 
(Accelerys, Inc.) software package. Energy minimisations were achieved to standard convergance 
after 1000 steps using a Dreiding v.2.21 force field [10] in conjunction with the Qeq charge 
calculation [ 1 1 ].
Molecular mechanics (MM) study.
The procedure for the creation of the models used in mechanical simulations follows, for the 
example of a polymer created from 6,6'-Z?w(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyl)isopropane, 
and is shown in a simplified form (for a single face of the cell) in Figure 5. Initially, a two- 
dimensional model of each monomer was constmcted using the ‘crystal builder’ module (using the 
three-dimensional, 3-d, builder module) on an atom-to-atom basis to form a ^w-benzoxazine dimer 
with explicit hydrogen atoms and with each benzoxazine ring left as a non-bonded group. Energy 
minimisation was performed on this molecule using the second derivative method until it achieved 
convergence to an RMS force of 0.01 kcal m o l'\ at which point the total energy was -20.94 k cal 
m o l'\ Three further monomers were added to form a pentamer and this structure (termed a single 
‘unit cell’ ) was minimised until convergence, again to an RMS force of 0.01 kcal m o l'\ This 
operation yielded the cell dimensions outlined in Table 1.
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Table 1. Summary of data derived from Cerius  ^Experiments for ôw-(benzoxazine) pentamers
(for a given structural conformation)
Cell parameters (1) (2)
Density (g/cm"^) 0.9436 0.9325
Volume (A^) 2755.6676 3212.7878
Dimensions (A)
a 17.8480 15.4372
b 13.6355 14.3154
c 17.6305 14.6473
Angles (°)
a  68.3504 93.1763
J3 65.7039 96.2239
y  113.6169 89.2271
In order to apply periodic boundary conditions (PBC), periodic cells were constmcted in which the 
oligomeric chains contained within the cells were ‘manually’ linked together by breaking and 
forming the appropriate bonds, thus forming a ‘crosslinked’, 3-dimensional network. Thus, two 
cells were visualised in the %-axis by moving necessary bonds close to one another and removing 
cell boundaries and the 3-d lattice (Figure 5, showing one face only for simplicity) was then built up 
by connecting the nitrogen atoms on non-bonded benzoxazine rings and non-bonded carbon atoms 
in the benzoxazine dimer, across the x,y and z directions of the stmcture. This was the starting point 
for the energy minimisation in the M M  studies. A t each stage the growing group of unit cells were 
subjected to energy minimisation so the optimised conformation of the polymer was obtained. 
Additional unit cells were added to make both a 2  ^ model (i.e. a super unit cell comprising 8  
individual units) and then a 3  ^model {i.e. 27-unit super cell) and the cell dimensions are given in 
Table 2. Density, volume and cell dimensions were calculated for the molecule and selected bond 
distances and angles presented in Table 3 for the benzoxazine ring. It is encouraging that, unlike 
our previous experience with triazine rings [12], the standard Dreiding forcefield reproduces the 
planar aromatic and slightly puckered benzoxazine rings: these data formed the basis of the 
subsequent MD simulations.
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Table 2. Summary of data derived from Cerius  ^Experiments for a 27-unit cell based on the
poly(ftw-benzoxazine)s (for a given structural conformation)
Cell parameters Pentamer
(1) (2)
Density (g/cm'^) 0.9271 1.1531
Volume (Â^) 2777.99 2590.90
Dimensions (A)
a 17.90 13.31
b 13.58 15.69
c 17.97 13.85
Angles O
a 68.58 110.96
P 64.94 85.11
7 113.53 77.13
Mechanical properties
Bulk modulus (GPa) 36.24 17.58
Young’s modulus (GPa) 48.04 30.01
Compressibility (1/GPa) 2.76 X  10'^ 5.69 X  10'^
Lame constants (GPa) 1 = 24.52 1 = 15.74
p = 23.61 p =  1 1 .0 1
Poisson’s ratio 0.29 0.23
13
\
E
a
ss
“o
c0
1
3  
E
I3
E
en
‘o
I
0^
£
oxc
J
en
I
c/2
QO
3
OX
Table 3. Selected bond distances and angles of 6,6’-6/s(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)isopropane (1) and 6,6'-ftw(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyl)sulphone 
(2) obtained using the Dreiding forcefield (for the given conformations)
8 7
X  = (C H 3 )2 C (1 )o r  SOg (2)
Bond lengths (A) Bond angles (°)
Simulation data Empirical data’^ Simulation data Empirical data*
(1) (2) (1) (2)
C9-0 1.36 1.41 1.36 C9-0-C2 124.3 115.1 119.9
0-C2 1.44 1.43 1.45 0-C2-N 111.9 110.1 113.5
C2-N 1.49 1.47 1.43 C2-N-C3 112.9 110.0 107.9
N-C3 1.49 1.48 1.47 N-C3-C4 111.7 111.7 110.2
C3-C4 1.49 1.50 1.51 C3-C4-C9 118.5 119.7 117.7
N -C l 1.49 1.47 - C4-C9-0 120.4 121.3 123.1
C9-C4 1.41 1.41 1.39 C2-N-C1 113.5 110.3 -
* the crystallographic data were originally reported in reference [13] for 3-phenyl-6,8-dichloro-3,4- 
dihydro-1,3-benzoxazine
Molecular dynamics (MD) study.
The final structure described previously was subjected to molecular dynamics (MD) and the M D 
module in Ceiius^ was used to simulate the glass transition temperature (Tg) by monitoring changes 
in cell volume, while keeping the number of atoms present, pressure and total energy constant (i.e. 
an NPT ensemble). The volume change at a specified temperature was recorded after a period of 
250 ps simulation steps (each of 1 fs). Simulations were initially conducted at 700 K  and the final 
model saved to allow subsequent simulations to be undertaken on it at 100 K  intervals to a 
minimum of 200 K. Changes in cell volume were plotted against the entire working range of 
temperature.
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Results and Discussion
Synthetic Procedures
6,6'-^w(3,4-Dihydro-3-methyl-2H-l,3-benzoxazinyl)isopropane (1) was selected as a suitable 
model compound to validate the computer simulation as this material has been reported widely and 
is probably the most common difunctional benzoxazine. During the final steps o f the preparation of 
this model, a viscous liquid was obtained and FTIR spectroscopy was employed (to analyze the thin 
film ) in order to ascertain that OH bands were present at ca. 3400 cm'^ (Figure 2), consistent with 
the presence of hydroxylated species and possibly arising from unreacted bisphenol A  or partially- 
hydroxylated, dimeric species. A  number o f oligomers, varying in the degree of hydroxylation, 
have been postulated as being involved in the step growth mechanism and four of these are shown 
below (Figure 9., structures a-d), in which ring opening has occurred to yield a bridged structure. 
The observed 0 -H  stretching band is relatively weak and is accompanied by bands at 1233 cm'^ and 
1049 cm'^ (assigned to C-O-C stretching).
The NMR spectmm of (1) (Figure 3) was consistent with the proposed structure and in 
agreement with published literature [6 ], albeit with two additional shifts at 3.7 ppm and 2.1 ppm. I f  
one assumes that the Z?w-benzoxazine has undergone a degree of ring opening, then these shifts are 
consistent with the bridging methylene (H3’) at 3.7 ppm and the A-methyl protons (H I ’) shown in 
Scheme 3.
While it was not possible to determine the precise composition of the monomer sample, due to the 
large number of partially hydroxylated and oligomeric species that might exist, it was possible to 
use ^H NMR integrals semi-quantitatively. By examining the ratio of methylene units in the 
benzoxazine ring to those in the bridge stmcture (1.35:1), it was possible to arrive at an approximate 
value of 60% for the composition of the bulk containing benzoxazine rings (i.e. polymerisable 
content). The methyl shifts (A-methyl: bridging methyl) were treated in the same manner and a 
value o f 3.67:1 {ca. 78.5%) was obtained. No hydroxylated species were visible in the ^H NMR 
spectrum, suggesting their absence or simply that the exchange of the labile protons was taking 
place on a timescale that rendered it ‘invisible’ . The NMR spectral data are shown in Figure 4 
wherein the proposed assignments for the stmcture arising from partial ring opening and oligomer 
formation are given. I f  the ^H NMR data are taken to indicate that no hydroxyl groups are present, 
then it possible that (d) might contribute to the additional stmcture contributing the NMR 
spectmm. However, it is perhaps more likely, given the ease with which the presence of hydroxyl
16
groups might be incorporated, that the hydroxyl groups are simply not detected under the NMR 
conditions (as evidenced by the FTIR data) and that the bulk polymer is made up of a combination 
of these and similar stmctures.
.CH..OH, OHOH
CH.
CH. H X - CH.H X CH.CH.
OH
CH.
CH,
H X CH.
OH OH
CH. CH.
H X CH,CH. CH. CH,
CH,
Figure 9. Selected structures previously postulated to take part in the polymerisation of 6,6'- 
èw(3,4-dihydro-3-methyl-2H-l,3-benzoxazinyl)isopropane (after reference 6)
The spectral data presented for the novel monomer (2): FTIR spectmm (Figure 5), NMR 
spectmm (Figure 6 ) and NMR spectmm (Figure 7) with stmctural assignments indicated in 
Scheme 4 also demonstrate the presence of the desired compound, albeit with some ring opened 
product (as evidenced by the broad 0-H  stretch shown in Figure 5).
Molecular simulation
While the use of molecular simulation to probe stmcture in poly(Z;w-benzoxazine)s has been 
somewhat limited, Ishida et al. used a combination o f M M  and X-ray crystallography to investigate 
the nature of the polymerization reaction and particularly the factors which might prevent
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monomers yielding high molecular weight polymers [14]. It was suggested that intra- or inter- 
molecular hydrogen bonding might contribute to the formation of a cyclic conformer which would, 
in turn, offer steiic hindrance towards substitution at the chain terminus. Ishida et al based their 
studies were based on a dimeric unit, shown in Figure 10, and the atomic coordinates and bond 
geometries were supplied from an authentic model (previously synthesized and characterized using 
X-ray diffraction measurements).
OH HO
Figure 10. Dimeric unit used in some molecular modelling studies (after reference 14)
The results of that early study suggested that the proposed conformer could accommodate 
intermolecular (-0 H —O) hydrogen bonding and also, to a lesser degree, intramolecular ( -  OH—N) 
interactions and these are illustrated in Figure 11 (the associations are shown by the dashed green 
lines).
Figure 11. Inter- and intramolecular bonding in 6,6'-^/s(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)isopropane (1) (key: oxygen atoms are shown in red; nitrogen in blue; carbon in
black, and hydrogen in white)
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Kim and Mattice [ 15] adopted a slightly different approach, employing a combination of M M  and 
dynamics techniques to study the behaviour of H2O and 0 % penetrant molecules in a poly(Z7W- 
benzoxazine). Their work established that the diffusion of these small molecules took place through 
a hopping mechanism; the penetrant molecule residing in the voids present in the amorphous 
polymer and occasionally hopping rapidly to a neighbouring void. It was observed that at a 
simulation temperature of 450 K (selected to fall above the Tg), the diffusion coefficient for both 
penetrant molecules were similar, even though H2O would form hydrogen bonds while the O2 would 
not. A t 250 K (below the Tg) the polymer matrix was effectively frozen, thus greatly limiting 
mobility and making the study of diffusion phenomena time consuming and computationally 
expensive. The same workers found that the longevity of hydrogen bonds in the poly(^A- 
benzoxazine) was greater than that found when H2O was incorporated. As the diffusion time of the 
H2O (found to be of the order of 1 ps) in the polymer was shorter than the lifetime of the hydrogen 
bonds (which were of the order of several picoseconds), it was concluded that hydrogen bonding 
does not hinder the diffusion of the penetrants. We have applied the results of these literature 
studies to our work with the aim of producing a suitably-parameterised and representative molecular 
model, initially in order to simulate selected physical and mechanical properties for a well- 
characterised polymer, e.g. (1). The eventual aim being to extend this validated model to simulate 
the properties of novel polymers comprising different backbones, binary blends, and copolymers.
Figure 12. Optimal conformation of 6,6'-^w(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyI)isopropane (1) (key: oxygen atoms are shown in red; nitrogen in blue; carbon in
black, and hydrogen in white)
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Using the energy minimisation techniques described in the aforementioned M M  experimental 
section, the conformation shown in Figure 12 has been shown to be optimal for 6,6'-bis(3,4-dihydro- 
3-methyl-2H-l,3-benzoxazinyl)isopropane (1), the phenyl rings adopting a butterfly conformation. 
A summary of the M M  data is presented in Table 1.
This monomer formed the basis for the creation of the initial ‘pentamer’ which made up the unit 
cell, prior to the addition of unit cells on each face of the original unit cell and lead to the creation 
of the crosslinked 3D polymer network that made up the super unit cells. Small alterations were 
made both to the individual parameters and the methodology in order to investigate the effects on 
the accuracy of the results and to optimise the procedure. The most significant alteration was in the 
number of cells to use in each experiment. Originally 8  unit cells (2x2x2) were chosen to minimise 
the amount of time taken to complete the simulation. However, the data obtained from these 
experiments (Figure 13) did not follow the expected trend for a plot of unit cell volume versus 
temperature (also seen in previous investigations using similar methods).
3150
3100
3 0 5 0
3 0 0 0  -
'S .  2 9 5 0  
£
§  2 9 0 0  
>
2 8 5 0
2 8 0 0
2 7 5 0
2 7 0 0
100 200 4 0 0 5 0 0-200 -100 0 3 0 0
Temperature (degrees C)
Figure 13. Change in unit cell volume of the polymer of 6,6’-^>w(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)isopropane (1), using 8 unit cells with increasing temperature
The volume of the simulation remains almost constant right up until the temperature reaches ca. 
300°C at which point there is a sudden increase. Values of Tg for different poly(^A-benzoxazine)s 
have been reported to lie between 100 and 200°C, depending on the structure and degree of cure 
[16] and a Tg of 180°C has been reported for the polymer of 6,6'-6A(3,4-dihydro-3-methyl-2H-1,3- 
benzoxazinyl)isopropane [4], with thermal degradation (as evidenced by a mass loss of 10%)
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commencing at 364 °C in a nitrogen atmosphere [17]. The latter further undermines the values 
obtained in these early experiments as the large increase in volume appears to occur within the 
temperature regime occupied by decomposition.
A second simulation was performed using the same parameters and an identical (2x2x2 or 2^) cell in 
order to verify whether the data were reproducible, but when compared to those from the previous 
experiment the results were not reproduced accurately (Figure 14).
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Figure 14. Change in unit cell volume of the polymer of 6,6'-/>/s(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)isopropane (1), using 8 unit cells with increasing temperature (repeat 
experiment)
Although in the second experiment there was a sharp alteration in the volume of the polymer 
between ca. 120 and 220°C. It is possible that a sudden shift in the conformation of the polymer 
chains might account for the apparent increase at this temperature. For instance, the ‘butterfly’ 
conformation of the isopropyl group in the chains has been shown to flip suddenly in poly(arylene 
ether sulphone)s, in a crank-shaft motion [18] and this might be envisaged here, causing an increase 
in volume as the movement begins, but settling back to the same volume after the movement has 
ended.
It was clear from the two previous experiments that a “ super unit cell”  comprising 8  cells was not 
sufficiently large enough to provide a realistic, reproducible result and so it was decided to increase 
the number of component unit cells to 27 (3x3x3 or 3^). The increase in the size of the cell has an
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additional benefit since stmctural defects and impurities can be added to the models to make them 
more representative of an authentic poly(Z?A-benzoxazine) without significantly altering the repeat 
unit. A new polymer matrix was recreated for this experiment and additional cells added to it to 
make up a 3^  cell, which was then subjected to the MD technique used in the previous experiments.
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Figure 15. Change in unit cell volume of the polymer of 6,6'-èis(3,4-dihydro-3-methyi-2H-l,3- 
benzoxazinyl)isopropane (1), using 27 unit cells with increasing temperature
Once again, the first set of results (Figure 15) did not follow the expected trend (of a gradual 
increase in cell volume with simulation temperature and a marked change in gradient at the Tg), 
although a significant increase in volume was discernible at a higher temperature of about 260°C. 
Finally, it was decided to vary the experimental methodology in the following manner: rather than 
performing a series of simulations at increasing temperature, this was reversed. Thus, the product 
of the MD simulation at the highest temperature was saved and then subjected to a second MD 
simulation at an experimental temperature 100 K lower and that product saved, to be exposed to 
MD at a lower temperature still.
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Figure 16. Change in unit cell volume of the polymer of 6,6'-èw(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)isopropane (1), using 27 unit cells with increasing temperature (using modified
methodology)
These data are now more indicative of a glass transition: a trend line was added to the data points 
and tangents applied to the two areas of the data were the gradient appeared to differ (Figure 16). In 
order to assess reproducibility, a repeat was undertaken of the 500 K experiment and the volumes 
agreed within 1.3689 Â^. The intersection of the two tangents, in this case ca. 180°C, was taken as 
the glass transition temperature for the simulation, although the empirical data from the differential 
scanning calorimetry (DSC) experiment discussed below have been overlaid to assist comparison.
In order to determine the empirical value of Tg, replicate analyses were performed using DSC, 
although we recognize that these are merely preliminary experiments: the next phase of the work 
w ill involve thermomechanical analysis e.g. dynamic mechanical thermal analysis (DMTA), a much 
more reliable technique for this parameter. Samples were exposed to a 10 K min'^ scan to 
determine the polymerization behaviour just prior to the onset of decomposition. Following a 
quench and rapid cooling, a rescan was performed on the first sample to determine whether any 
residual exotherm was evident and thus whether reaction was incomplete. The absence of a 
discernible peak indicated that the monomer had apparently achieved complete reaction and a 
cooling cycle (at 5 K min'^) was used to determine the Tg of the polymer. From Figure 17, the latter 
is evident as a discontinuity in the baseline between ca. \ lT C  (the onset) and 163"C (the inflexion 
point). Opinion concerning the best method of determining this parameter is divided, but whether
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one accepts the higher onset value or the tangent o f the baseline, it  is clear that the empirical values 
agree quite well with the simulated value and also with the reported Tg of this particular polymer.
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Figure 17. DSC thermogram of 6,6’-6/s(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)propane (1) (10 K  min  ^heating rate; 5 minute isothermal hold at 
250 “C; cooling at -10 K  min'^): the Tg is indicated in the inset detail.
Having validated the model used in the molecular simulation, a similar approach was taken to the 
simulation of the ‘perfect’ homopolymer that might form from 6 ,6 '-Z7w(3 ,4 -dihydro-3 -methyl-2 H- 
l,3-benzoxazinyl)sulphone (2). The principal difference is that this is a novel monomer, recently 
synthesized and characterised in our laboratory, for which there is currently no literature Tg with 
which to compare the simulation data. Once again, using the modified methodology, the simulation 
data offered quite a reasonable estimation of the Tg of this new material: the predicted Tg being in 
the region of ca. 120-150°C, with an extrapolated value of 130°C (Figure 18).
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Figure 18. Change in unit cell volume of the polymer of 6,6'-6^(3,4-dihydro-3- 
methyl-2H-l,3-benzoxazinyl)sulphone (2), using 27 unit cells with increasing 
temperature (using modified methodology)
Previous research to examine the flexibility of bridging groups in arylene ether sulphones [18,19] 
and cyanate esters [2 0 ] had also demonstrated a similar effect on the Tg when introducing a 
sulphonyl bridge. Once again, DSC was used to examine the thermal behaviour of the new 
monomer and the empirical data are shown in Figure 19.
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Figure 19. DSC thermogram of 6,6'-6/5(3,4-dihydro-3-methyl-2H-l,3- 
benzoxazinyl)sulphone (2) (10 K min'  ^heating rate; 5 minute isothermal hold at 
250 "C; cooling at -10 K  min^): the Tg is indicated in the inset detail.
The new monomer (2) undergoes an endothermie melting transition at ca. 50-60°C, before the onset 
of polymerization at ca. 125°C (a broadly bimodal exotherm is observed up to around 250°C). 
When subjected to a controlled cooling experiment, the cured polymer displays a shallow glass 
transition whose onset appears to be around 117°C. The bridging group is markedly more flexible 
than the isopropyl bridge as evidenced by our earlier work and the transition from one conformation 
to another much less marked, leading to a more diffuse Tg (the simulation data have been 
superimposed on the same plot and the agreement between the two is again very encouraging). It is 
important that one recognizes that the simulation provides the most optimistic value of Tg, since the 
model used in the simulation was of a perfect poly(Z7w-benzoxazine), with no structural defects (e.g. 
sterically-isolated, unreacted rings) and no impurities in the matrix, which might lead to reductions 
in the degree of polymerization. Given the foregoing discussion about the existence of oligomeric 
species containing different substituents, it is unlikely that this is entirely representative and thus, 
one might expect the simulated Tg of such a material to be slightly higher than that obtained 
empirically. In fact, the spectral analyses undertaken in this work suggested the presence of a 
several possible structures (Figure 9) and these data w ill inform future simulations. By using a
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sufficiently large unit cell, it  should be possible to generate a model that incorporates an appropriate 
number o f such units to reflect a more ‘realistic’ composition.
Conclusions
Thermosetting polymers often form very complex chemical network structures and this can present 
practical difficulties when attempting to simulate their properties in a realistic fashion. Previously, 
we have reported increasingly accurate simulations of cyanate ester and epoxy resins, using 
modified force fields parameterised for this purpose, but this our first foray into the field of 
poly(^w-benzoxazine)s. The combination of practical synthesis, molecular mechanics and 
molecular dynamics now offers a powerful tool in the replication of physico-mechanical properties 
o f many complex polymer systems. Our previous experience in this area has led us to adopt a 
policy o f ensuring that the molecular model represents as accurately as possible the real network, 
relying on empirical data from a variety o f techniques: spectrometric, chromatographic and 
crystallographic. In this latest work, we have explored the effect of simulation technique on the 
mechanical data obtained in order to arrive at a reliable, reproducible methodology. In this paper, 
we present encouraging simulation data for a well-known and well-characterised monomer in order 
to validate our simulation approach before making a successful prediction for a new material. We 
are now moving towards to the production o f larger ‘super cells’ prior to the application of periodic 
boundary conditions, in order to facilitate the introduction of structural irregularities or ‘defects’ , 
thus making the model yet more representative and we shall report on this in a future publication.
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